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ABSTRACT 
One of the most widely used techniques to control keratinocyte differentiation in vitro is 
by varying the extracellular calcium concentration - low extracellular calcium 
concentrations suppress differentiation whereas high concentrations induce 
differentiation. In this study, I used the serum-free MCDB 153 culture system to 
investigate calcium-induced keratinocyte differentiation. 
Treating normal human keratinocytes with high extracellular calcium 
concentrations (ImM) increased the proportion of cells expressing differentiation- 
specific proteins. I showed that this was not caused by calcium-induced cell-cycle 
arrest, nor was it a consequence of stratification. However, the expression of 
differentiation-specific proteins was preceded by the formation of cadherin-mediated 
cell-cell adhesions. 
The likely importance of the cadherin-mediated adhesions in initiating the 
differentiation program was confirmed in two ways. Firstly, clustering cell-surface E- 
cadherin in low extracellular calcium using monoclonal antibodies increased the 
proportion of keratinocytes expressing differentiation-specific proteins. Secondly, 
suppressing the formation of cadherin-mediated cell-cell adhesions using synthetic 
peptides analogous to the cadherin recognition domain attenuated the calcium-induced 
expression of differentiation-specific proteins. These data are consistent with a role for 
the cadherin-mediated cell-cell adhesions in initiating the keratinocyte differentiation 
program in response to calcium in vitro. 
A second aspect of this project involved an investigation of the role played by the 
Src-family of protein tyrosine kinases at calcium-induced cadherin-mediated adherens 
junctions. The ubiquitously expressed members of this family, c-Src, Fyn and c-Yes 
were localised to the cadherin-mediated adhesions formed in response to high 
extracellular calcium. Treating adherent keratinocytes maintained in low extracellular 
calcium with a specific Src kinase inhibitor, PD162531, induced the assembly of 
cadherin-mediated cell-cell adhesions leading to the formation of contiguous groups of 
cells similar to those seen in response to high extracellular calcium. The inhibitor did 
not affect the formation of cadherin-mediated adhesions in response to high 
extracellular calcium, nor did it affect the induction of differentiation-specific proteins 
under these conditions. 
From this study, I conclude that the cadherin-mediated cell-cell adhesions are the 
likely origin of the signal which initiates keratinocyte differentiation in response to high 
extracellular calcium in vitro. The data presented are consistent with a role for the Src 
kinases in regulating adherens junction turnover but do not exclude a role also in 
modulating aspects of differentiation. 
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INTRODUCTION 
CHAPTER1 
THE KERATINOCYTE AND THE MAMMALIAN EPIDERMIS 
The keratinocyte is the principal cell type of the outer surface of mammalian skin, the 
epidermis. The skin is an organ of crucial biological importance, providing a physical 
barrier between the internal milieu of the animal and the surrounding environment, 
impeding water exchange and providing protection against pathogenic organisms and 
physical insults. These are functions to which the epidermis and the highly specialised 
keratinocyte are remarkably well-adapted. 
1.1 THE STRUCTURE OF THE EPIDERMIS 
The epidermis is a stratified structure spanning the distance between the basal lamina at 
the interface with the dermis, and the outermost surface of the organism. It is 
subdivided into series of layers or strata which are distinguished histologically and 
correspond to different stages in the maturation of the keratinocyte, with the most 
specialised, or differentiated, cells on the outer surface of the epidermis. Proliferation 
takes place exclusively in the deepest (basal) layer and the cells generated here are 
subsequently displaced outwards to begin their journey towards the outermost 
(cornified) layer, a process that takes 10 to 14 days (Epstein and Maibach, 1965) in 
human skin culminating in the production of tough, emicleate squames or corneocytes 
with no metabolic activity. These highly specialised structures knit together to give the 
epidermis a tough impermeable outer surface. 
1.1.1 The lavers of the epidermis 
A. The basal layer 
The basal layer in normal adult epidermis (Figure I a) is restricted to a single layer of 
columnar cells immediately adjacent to the basal lamina at the dermal-epidermal 
junction. It is believed that the unipotent stem cells which ultimately generate all the 
keratinocytes of the epidermis reside within this basal layer (Jones et aL, 1995), 
constantly producing keratinocytes via a transit-amplifying stage. The products of this 
proliferative process eventually become the post-mitotic cells of the basal layer that are 
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The structure of human epidermis 
a. Bright-field photornicrograph showing a transverse section of human skin indicating 
the principal strata of the epidermis. The single layer of proliferative basal cells is 
adjacent to the paler-coloured dermis, beneath the spinous laver which consists of 
multiple layers of cells. The darker granular layer consists of a thin layer of flattened 
cells and is followed by the thicker cornified layer of enucleate corneocytes. No hair 
follicles are visible in this preparation. Haematoxylin and eosin stain. Scale bar 
represents 20Wn. This tissue preparation was provided by the pathology department 
at Ysbyty Gwynedd, Bangor. W 
b. Schematic diagram representing the strata of the epidermis spanning the distance 
between the basal lamina (BL, exaggerated for clarity) and the surface of the skin, 
showing - where some of the envelope proteins expressed by differentiating 
keratinocytes are detectable (black bars). The red bar indicates where keratinocyte 
-transglutaminase (TGk) is activated during the transition between the granular and 
cornified layers. B, basal layer; S, spinous layer; G, granular layer and C, cornified 
layer. 
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committed to the differentiation program. Thus, the epidermis is maintained in a state 
of dynwnic self-renewal, with continuous proliferation in the basal layer replacing the 
keratinocytes that are shed from the outermost comified layer. 
B. The spinous layer 
The next layer, closer to the surface of the epidermis, is the spinous layer which consists 
of multiple layers of keratinocytes becoming progressively more flattened with 
increasing distance from the basal layer. In the spinous layer, the synthesis of new 
keratins (section 1.2.2) begins and these proteins are assembled into dense bundles 
giving the cells a characteristic appearance when visualised by transmission electron 
microscopy. In addition to these keratins, keratinocytes begin the synthesis of a plethora 
of new proteins upon entering the spinous layer. A number of these have structural 
roles and contribute in some way to the assembly of the cornified envelope, a crucial 
component of the fully differentiated keratinocyte (section 1.2.1). In addition to changes 
in protein synthesis, changes in the lipid composition of the plasma membrane also 
begin to take place (Lampe et al., 1983), contributing to the specialised physical 
properties of the differentiated keratinocyte. Intracellular membrane-bound structures 
containing a mixture of lipid, carbohydrate, protein and hydrolytic enzymes also become 
visible in the upper spinous layer. The contents of these lamellar granules are involved 
in waterproofing the outer surface of the epidermis when they are discharged into the 
intercellular spaces late in the differentiation process (Holbrook, 1989). 
C. The granular layer 
The spinous layer is followed by the narrow granular layer, where the cells are 
characterised by the presence of electron-dense keratohyalin granules. These 
proteinaceous granules are composed of profilaggrin deposited where keratin filaments 
intersect (Fukuyama et aL, 1980) and in this layer, the keratins become more highly 
stabilised due to the increased prevalence of interfilament disulphide bonds (Sun and 
Green, 1978). The lammellar granules now become clustered around the periphery of 
the cell in preparation for their discharge into the intercellular spaces of the cornified 
layer (Madison et aL, 1988). Keratinocytes undergo the transition from the granular 
layer to the cornified layer in about 6 hours (Matoltsy, 1986) and during this time, the 
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plasma membrane becomes permeable to calcium ions (Ca'), the organelles and 
nucleus are destroyed and the cornified envelope is assembled (section 1.2.1). 
D. The cornified layer 
The outermost layer of the epidermis, the cornified layer, consists of multiple layers of 
interlocking enucleate cornified keratinocytes (comeocytes) and varies considerably in 
thickness depending, for example, upon its location on the body. The metabolically 
inactive comeocytes of this layer have fully assembled cornified envelopes and are 
sealed in the waterproof intercellular lipid matrix discharged by the lamellar granules 
(Potts and Francour, 1991). As the comeocytes approach the surface of the epidermis, 
they become less tightly associated with one another and finally, are shed into the 
environment. 
1.1.2 Non-keratinocytes in the epidermis 
Although the keratinocyte is the principal cell type in the epidermis, other cell types are 
also present. These include melanocytes, langerhans cells and merkel cells. 
Melanocytes produce the photoprotective pigment, melanin, which is contained in 
membrane-bound melanosomes which are transferred to basal keratinocytes by a variety 
of mechanisms (Yamamoto and Bhawan, 1994). The langerhans cells are mainly found 
in the spinous layer and are involved in the uptake, processing and presentation of 
antigen (Streilein and Bergstresser, 1984) whilst merkel cells are thought to have a 
variety of different functions including mechanosensation (Iggo, 1985). 
1.2 KERATINOCYTE DIFFERENTIATION 
1.2.1 The cornifled envelope 
The cornified envelope is a tough proteinaceous structure which is present immediately 
below the plasma membrane of the corneocytes and gives these fully differentiated 
keratinocytes some of their unique properties, being insoluble under all but the most 
severe conditions (Sun and Green, 1976). The envelope accounts for 10% of the mass 
of the cornified keratinocyte (Reichert et aL, 1993) and its assembly is one of the final 
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stages of keratinocyte differentiation, taking place at the transition between the granular 
layer and the comified layer. 
A. The components of the cornified envelope 
The cornified envelope is constructed from a variety of proteins which are progressively 
synthesised during the transit of the keratinocyte from the basal layer to the upper layers 
of the epidermis (Figure 1 b). One of the first envelope components to be identified was 
involucrin, a 98kDa cytosolic protein that begins to accumulate in the spinous layer of 
the epidermis, early in the differentiation process (Rice and Green, 1979; Banks- 
Schlegel and Green, 1981). Another important envelope precursor is filaggrin, a 
component of the intracellular granules of the granular layer keratinocyte (Lynley and 
Dale, 1983). Filaggrin is involved in bundling keratin filaments (Dale et aL, 1978) and 
has been identified as an envelope component in both rat and human keratinocytes 
where it may be involved in linking the keratin intermediate filaments to the envelope 
(Richards et aL, 1988; Steinert and Marekov, 1995). Profilaggrin is synthesised in the 
granular layer as a phosphorylated 400kDa protein consisting of multiple 45kDa 
filaggrin repeats (Lonsdale-Eccles et al., 1984) and is then dephosphorylated and 
cleaved to release filaggrin during differentiation prior to its incorporation into cornified 
envelopes (Resing et al., 1985). 
Other envelope components include loricrin, which accumulates in the granular 
layer (Mehrel et aL, 1990); the pancormilins (Philips et aL, 1990); Sprl (small proline 
rich protein) (Kartasova and van de Putte, 1988) which accumulates in the spinous and 
granular layers; keratolinin which first becomes) detectable in the spinous layer 
(Zettergren et aL, 1984) and proteins of 195 and 210kDa (Simon and Green, 1984; Ma 
and Sun, 1986) that were recently cloned and named periplakin and envoplakin 
respectively (Ruhrberg, 1997 and Ruhrberg et aL, 1996). 
B. The assembly of the cornified envelope 
The various components of the envelope are synthesised progressively as the 
keratinocyte nears the surface of the skin, but their assembly into the envelope itself is 
rapid and one of the final stages of the differentiation process. The principal enzyme 
involved in the assembly of cornified envelopes is the 90kDa membrane-bound 
keratinocyte transglutarninase (TGk) which catalyses the formation of covalent 
6 
isopeptide bonds between glutamine residues and a suitable amine donor such as lysine 
(Folk and Chung, 1973). These &(y-glutamyl) lysine bonds are formed between the 
membrane-bound envelope components and the cytosolic envelope components such as 
involucrin, a preferred substrate for TGk (Simon and Green, 1985; Rorke and Eckert, 
1991). TGk is not present in detectable amounts in basal keratinocytes and is first 
expressed in the suprabasal layers at a similar time to involucrin (Thacher and Rice, 
1985) although it remains inactive until later in the differentiation process. 
Transglutarninases are enzymes that require the presence of calcium ions (Ce) 
for their full activity (Ogawa and Goldsmith, 1976). This is achieved during 
physiological differentiation by an increase in the permeability of the plasma membrane 
in the late granular layer allowing the influx of extracellular Ca++, a cation that is at a 
relatively high concentration in this part of the epidermis (Menon et aL, 1985). The 
process of envelope assembly is believed to begin with the interchain cross-linking of 
involucrin to itself which then provides a matrix to which other components such as 
loricrin and the small proline-rich proteins are cross-linked (Steinert and Marekov, 
1997). This coordinated assembly process gives an envelope that is rich in involucrin 
adjacent to the plasma membrane but richer in loricrin and other components on its 
cytoplasmic face. 
1.2.2 The keratins 
The keratins are a family of intermediate filament proteins that give the keratinocyte its 
name and collectively account for up to 30% of the total cellular protein in the basal 
layer and up to 70% in the cornified layer (Sun and Green, 1978). The keratin 
intermediate filaments provide keratinocytes with mechanical resilience and allow force 
to be transmitted through the epidermis via the specialised adhesion structures in the 
plasma membrane with which they interact (Staehelin, 1974). These adhesions, the 
desmosomes and hemidesmosomes (sections 2.2.1 and 2.1.1) interact with other 
keratinocytes and with the basement membrane respectively. % 
A. The structure of the keratins 
The keratin family is subdivided into two groups, the type I or acidic keratins and the 
type Il or basic keratins. At least 16 type I and 14 type 11 keratins, sharing the same 
basic structure of a central (x-helical rod domain and more variable looped head and tail 
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domains, have been identified (Hanokoglu and Fuchs, 1983). In the extended keratin 
filaments, one type I and one type II keratin form linear heterodimers (Hatzfeld and 
Weber, 1990) which then polymerise to form elongated filaments l0nm in diameter. It 
is thought that phosphorylation of the head region of the keratins may play a role in 
regulating the formation of these polymers (Eriksson et aL, 1992). Different type I and 
type II keratins can form heterodimers with one another in vitro (Hatzfeld and Franke, 
1985), but the keratin pairings are normally more ordered. For example, keratin K5 
associates with K14 in the basal keratinocytes of normal skin and the differentiation- 
specific keratins KI and K 10 associate in suprabasal keratinocytes. 
B. Changes in keratin expression during keratinocyte differentiation 
As alluded to above, the range of keratins expressed by keratinocytes changes during 
differentiation. Keratins K5 and K14 are specific to the basal layer of adult epidermis 
and they replace K8 and KI 8 that are expressed in the skin earlier in development 
(Byrne et aL, 1994) and in simple stratified epithelia (Cooper et aL, 1985). In 
suprabasal keratinocytes, K5 and K14 are no longer expressed and synthesis switches to 
KI and KIO (Fuchs and Green, 1980; Moll et aL, 1982), although the functional 
consequences of this are not known. K5 and K14 are stable and remain detectable in the 
keratinocyte during its transit through the epidermis (Stoler et aL, 1988), suggesting that 
the Kl/KlO and K5/K14 pairings may have distinct functions. In the epidermis, some 
keratin pairs are never normally expressed, for example K6 and K16. However, they are 
expressed in hyperproliferative psoriatic epidermis and are useful markers of abnormal 
keratinocyte proliferation and differentiation (Leigh et al., 1995). In addition, the 
simple epithelial keratins K8 and K18 can be expressed in metastatic squamous cell 
carcinoma (Markey et al., 1991) indicating that a loss of squamous differentiation has 
taken place. 
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1.3 THE AIMS OF THIS STUDY 
The original aim of this study was to define the role played by the ubiquitously 
expressed Src-family kinases c-Src, Fyn and c-Yes in calcium-induced human 
keratinocyte differentiation in vitro. When this study was initiated, two reports 
describing changes in the activity of c-Src and c-Yes during calcium-induced 
keratinocyte differentiation had been published (Zhao et aL, 1993 and Zhao'et aL, 
1992). These studies analysed a late stage of differentiation, corresponding to the 
transition between the granular and cornified layers which can only be induced in vitro 
by simultaneous treatment with high extracellular calcium and ionophore (see also 
section 6.3). This non-physiological manipulation allows the influx of calcium ions, 
activating the keratinocyte transglutarninase (TGk) thereby leading to the assembly of 
cornified envelopes by those cells competent to do so. However, high extracellular 
calcium concentrations in the absence of ionophore are sufficient to induce the earlier 
stages of differentiation, corresponding to the basal to spinous and spinous to granular 
layer transitions. The origin of the differentiation-inducing primary signal elicited by 
treatment with high extracellular calcium alone is unknown. For this study, it was 
therefore necessary to define the origin of this signal before proceeding with an analysis 
of the function of the Src-family kinases. 
We now believe that it is the formation of cadherin-mediated adherens junctions 
which is the origin of the differentiation-inducing signal elicited by high extracellular 
calcium. The remaining two chapters of this introduction will describe the adhesions 
formed by keratinocytes, their regulation, and the mechanisms of signalling from such 
adhesions into the cell. The signalling processes taking place at these cell adhesions 
may involve members of the Src-family kinases and members of the protein kinase C 
family which will both be decribed in detail. In addition, the techniques used for the 
study of keratinocytes in vitro are described and the factors which can induce 
differentiation in these model systems are summarised. 
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CHAPTER 2 
CELL ADHESION AND INTRACELLULAR SIGNALLING IN THE 
EPIDERMIS 
2.1 CELL-MATRIX ADHESION 
The structural integrity of the skin requires the physical attachment of the epidermis to 
the underlying dermis. This function is mediated by adhesive interactions between the 
basal keratinocytes and the adjacent basal lamina, a layer of proteinaceous material that 
includes laminins (Timpl et aL, 1979), collagens (Kefalides, 1975), kalinin (Rouselle et 
aL, 1991) and in wounded adult skin, fibronectin (Clark et aL, 1982). These 
extracellular matrix (ECM) proteins serve as ligands for the integrin-mediated adhesions 
of the basal keratinocytes, which tether the cells to the basement membrane. The 
integrins are a family of heterodimeric receptors comprising one transmembrane cc- 
subunit and one transmembrane P-subunit and they bind specifically to different 
components of the extracellular matrix. This specificity is aclie ved by the existence of 
a variety of a- and P-subunits which can associate with one another in a range of 
different combinations. For example, the a5PI integrin binds most strongly to a 
tripeptide sequence in fibronectin (Pierschbacher and Ruoslahti, 1984), whereas the 
CCA integrin binds to laminin 5 (Carter et aL. 1991). Keratinocytes form at least two 
types of cell-matrix adhesion involving integrins and these are likely to have different 
roles. In normal epidermis, the principal integrin-containing adhesion is the 
hemidesmosome although the focal adhesion may also be important under certain 
conditions. Integrin-mediated cell-matrix interactions are confined to the keratinocytes 
of the basal layer and the integrins are normally degraded early in the in vivo 
differentiation process (Peltonen et aL, 1989). 
2.1.1 The hemidesmosome 
Hemidesmosomes mediate adhesion between basal keratinocytes and laminin 5 in the 
basement membrane (Jones and Green, 1991; Sonnenberg et aL, 1993) and are the only 
type of integrin-containing adhesion to interact with the keratin intermediate filaments 
(Figure 2 a). The hemidesmosome utilises a single combination of integrins, namely the 
10 
OC6 and P4 subunits (Sonnenberg et al., 1991), both of which are restricted to the basal 
surface of basal keratinocytes in the epidermis (Carter et aL, 1990a) and preferentially 
associate with one another (Giancotti et aL, 1992). It has been suggested that the loss of 
the 044 complex early in the keratinocyte differentiation process may facilitate the 
movement of the differentiating cell out of the basal layer (Tennenbaurn et aL, 1996). 
A. The structure of the hemidesmosome 
The P4 subunit differs from other P-integrin subunits in that it has a very large 
cytoplasmic domain of more than 1000 amino acid residues (Hogervorst et aL, 1990) 
which is involved in its indirect interaction with keratin filaments (Spinardi et aL, 
1993). This interaction may occur via the 230kDa bullous pemphigoid antigen 
(BPAGI), which is localised to the region of hemidesmosomes where keratin filaments 
attach (Jones et aL, 1994). BPAG1 is a member of the plakin family of intermediate- 
filament (IF) binding proteins (Uitto et'aL, 1996), which also includes desmoplakin, 
envoplakin and plectin. The carboxy-terminus of BPAGI has homology with the IF- 
binding regions of the other family members and it is predicted that BPAGI also binds 
to intermediate filaments (Green et. aL, 1992a). In addition, plectin may also bind to the 
cytoplasmic tail of the P4-integrin (Borradori and Sonnenberg, 1996). 
The l80kD bullous pernphigoid antigen (BPAG2) is also a component of 
hemidesmosomes and is a transmembrane protein with its amino terminus on the 
cytoplasmic side of the plasma membrane. BPAG2 may interact directly with the (X6 
subunit as these two proteins coprecipitate irrespective of the presence of aP subunit 
(Hopkinson, 1995), and is likely to interact with the extracellular matrix via a series of 
collagen-like repeats in the extracellular domain (Giudice et aL, 1991). However, 
BPAG2 is not thought to directly bind to the intermediate filaments. Another 
component of hemidesmosomes is the 300kDa intermediate filament associated protein 
(IFAP), also present in desmosomes (Skalli et aL, 1994) which may be also involved in 
mediating interactions between the adhesion complex and the keratin intermediate 
filaments. 
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Figure 21 
Cell-extracellular matrix adhesions formed by keratinocytes 
a The hemidesmosome. 
b. The focal adhesion. This diagram does not show the numerous signalling proteins 
that are also present in the focal adhesion complex. 
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B. Signalling from hemidesmosomes 
In addition to playing an important mechanical function in maintaining the integrity of 
the epidermis, there is also evidence that hemidesmosomes transmit signals into the cell. 
Hemidesmosomal interaction with ligand has been shown to induce a mitogenic signal 
via the mitogen activated protein (MAP) kinase pathway. This activation of the ERK 
and JNK MAP kinase family members by the a6P4 integrin involves Shc (Mainiero et 
aL, 1997). Shc is an adaptor protein of which three isoforms have been identified- p46, 
p52 and p66, which bind to phosphotyrosine-containing sequences via an SH2 domain 
(section 2.3.1) and a separate PTB (phosphotyrosine-binding) domain (Pelicci et aL, 
1992). When Shc is phosphorylated, for example by a receptor tyrosine kinase to which 
it has bound, it then binds another adaptor protein- Grb2 (Rozakis-Adcock et aL, 1992). 
The purpose of Grb2 is to recruit mSos, a guanine-nucleotide exchange factor for Ras 
which promotes the formation of active GTP-Ras at the expense of inactive GDP-Ras 
(Chardin et aL, 1993; Bonfini et aL, 1992). This active form of Ras subsequently binds 
to Raf proteins (Koide et aL, 1993) and recruits them to the cell membrane (Leevers et 
aL, 1994) where they are activated by tyrosine phosphorylation or interaction with 
membrane lipids (Dent et al., 1995; Marais et aL, 1995). Raf proteins are upstream 
activators of members of the mitogen-activated protein (MAP) kinase family of 
serine/threonine kinases (Lange-Carter et aL, 1993) which alter cell behaviour by 
phosphorylating transcription factors thereby modulating their activity (reviewed in Hill 
and Treisman, 1995). 
C. The function of epidermal hemidesmosomes 
The importance of the hemidesmosome in maintaining epidermal integrity is highlighted 
by a range of debilitating human conditions which affect components of the adhesion, 
often resulting in blistering phenotypes where the basal layer readily detaches from the 
basal lamina. These disorders include the inherited severe form of junctional 
epidermolysis bullosa where mutations in the P4 subunit are present (Vidal et aL, 1995) 
and the autoimmune disease, bullous pemphigoid, where autoantibodies against an 
extracellular portion of BPAG2 are produced (Giudice et aL, 1993). These 
autoantibodies may be able to disrupt hemidesmosomes directly, but it has also been 
shown in a murine model that an inflammatory response is required for blister formation 
(Liu et aL, 1995). The hemidesmosome has also been implicated in the behaviour of 
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malignant cells where the expression of the ý44 integrin in the tumour parenchyma of 
squamous cell carcinoma was found to correlate with an increased rate of turnour 
recurrence after therapy (Wolf et al., 1990). 
2.1.2 The focal adhesion 
The other form of integrin-mediated adhesion is the focal adhesion which, unlike the 
hemidesmosome, does not interact with keratin intermediate filaments (Figure 2 b), 
instead being bound to the actin cytoskeleton. The majority of studies on this type of 
adhesion have been performed in fibroblasts and although focal adhesions are formed by 
keratinocytes in vitro (Carter et aL, 1990a and b), it is not clear if they are formed by the 
keratinocytes of normal epidermis in vivo. However, focal adhesions are likely to play 
an important role in the epidermis when keratinocytes become motile, for example in 
the re-epithelialisation of wounded skin (Gates et aL, 1994). During such processes of 
tissue re-modelling, different integrins are temporarily expressed in the epidermis, 
including the fibronectin receptor cc5P I which is required for migration over provisional 
fibronectin-containing matrices (Cavani et aL, 1993). 
Unlike the hemidesmosome, this type of cell-extracellular matrix (ECM) adhesion 
can involve a variety of integrin heterodimers with the exception of the 
hemidesmosomal C44 integrin. The principal non-hemidesmosomal keratinocyte 
integrins in normal adult epidermis are the (X3PI laminin 5 receptor and the C01 
collagen/laminin receptor (Kramer and Marks, 1989; Carter et aL, 1991), both of which 
are normally restricted to the basal layer (Peltonen et aL, 1989). However, unlike the 
CC6P4 receptor, these integrins are not restricted to the basal surface of the basal cells and 
are also present on their lateral surfaces where the normal extracellular ligands may not 
be present. There is some evidence that the a2 01 and CC3 PI integrins in this location may 
contribute to cell-cell adhesion and it has been demonstrated that the a2PI integrin can 
interact directly with a3PI (Symington et aL, 1993), possibly influencing differentiation 
(Symington and Carter, 1995). However, studies by other authors have argued that the 
laterally distributed integrins play no significant physical role in keratinocyte 
intercellular adhesion except under conditions where the formation of other types of 
cell-cell adhesion is suppressed (Tenchini et aL, 1993). 
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A. The structure of the focal adhesion 
The focal adhesion transmits force into the cell via the actin cytoskeleton and a number 
of important adhesion components are involved in mediating interactions between the 
integrins and the actin (Figure 2 b). In fibroblasts, the focal adhesions are at the termini 
of the actin stress fibres and although the actin cytoskeleta of keratinocytes are arranged 
differently from those of fibroblasts, a similar relationship is likely to exist, at least in 
vitro (Kubler et aL, 199 1). In addition, the focal adhesion has a marked influence on the 
organisation of the cytoskeleton, particularly in fibroblasts where the formation of 
adhesions causes the reorganisation of the actin filaments (Badley et aL, 1980). 
1 
The intracellular carboxy-terminal five ainino acids of a2-integrin can interact 
directly with filamentous (F)-actin (Kieffer et aL, 1995). In addition, the P -subunit has 
been shown to interact with actin-binding proteins such as a-actinin (Otey et al., 1990) 
and talin (Horwitz et aL, 1986), which can directly bridge the PI-subunit to F-actin. 
There are also other proteins present in the focal adhesion that serve to tether the 
integrins, to the actin cytoskeleton in a more indirect manner including the actin-binding 
protein vinculin (Jockusch and Isenberg, 1981), which binds to both talin and oc-actinin 
(Jones et aL, 1989; McGregor et aL, 1994). 
B. Signalling to and from the focal adhesion 
In addition to performing an adhesive role, focal adhesions act as important mediators of 
cellular signalling, which can be broadly divided into two types- 'inside-out' and 
'outside-in'. 
Inside-out signalling 
Inside-out signalling is the phenomenon whereby the affinity of the integrin for its 
ligand is regulated from within the cell. This is not fully understood but may involve 
conformational changes in the integrin subunits (Puzon-McLauglin et al., 1996). A 
potential mediator of this process is the Caý+-binding protein calreticulin which directly 
binds to the a2 subunit and may serve to stabilise the high affinity state of the CC201 
receptor (Coppolino et aL, 1995; Michalak, 1992). More recently it was demonstrated 
that the presence of calreticulin is essential for integrin-mediated cell-matrix adhesion 
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(Coppolino et al., 1997), confirming that this protein has an important role in the control 
of focal adhesions. 
Outside-in signalling 
Focal adhesions also transduce signals into the cell, with the result that attachment to 
extracellular matrix profoundly influences the behaviour of the cell. When many 
normal epithelial cell types are deprived of all integrin contacts or are in contact with 
extracellular matrix of inappropriate composition, they undergo programmed cell death, 
a phenomenon that has been termed 'anoikis' (Frisch and Francis, 1994). This integrin- 
mediated selective survival may have evolved to prevent cells from growing in an 
inappropriate location where they would be isolated from their normal regulatory 
influences and could have a deleterious effect. In many malignancies, tumorigenic cells 
either show altered integrin expression or have circumvented their requirement for 
matrix attachment altogether (reviewed in Ziober et al., 1996). Signalling through focal 
adhesions is a complex process involving more than one signalling pathway. When 
integrins engage extracellular matrix ligands, an increase in the tyrosine phosphorylation 
of a number of proteins is observed (Juliano and Haskill, 1993) and serine/threonine 
kinases such as protein kinase C (PKC) are also activated (Vuori and Ruoslahti, 1993). 
An important tyrosine kinase in focal adhesion-mediated signalling is the 125kD focal 
adhesion kinase (ppl25FAK), which binds to Pi-integrin and becomes 
autophosphorylated upon integrin engagement (Schaller et al., 1994). A number of 
proteins of known signalling function interact with ppl25 
FAK in an integrin-engagement 
dependent manner, including Grb2, mSosl and members of the Src-family kinases 
(Schlaepfer et al., 1994). The binding of the adapter protein Grb2 to ppl25 
FAK recruits 
mSos leading to Ras and subsequently MAP kinase activation, a similar phenomenon to 
that described for hemidesmosomes in section 2.1. IC (Chen et al., 1994; Schlaepfer et 
al., 1994). 
C. The role of epidermal focal adhesions 
The importance of pp125 FAK in keratinocytes in vivo is unclear as this protein is 
undetectable in normal adult epidermis but is expressed during wound healing (Gates et 
aL, 1994), and by keratinocytes propagated in vitro (Xia et aL, 1996). This suggests that 
16 
the non-hemidesmosomal integrin-mediated cell adhesions formed in normal intact 
epidermis may not represent true focal adhesions. 
2.1.3 Intep-rins and keratinoMe behaviour 
Abnormalities in integrin expression levels and patterns in psoriasis and epidermal 
neoplasms suggest that the integrins may exert a direct influence on keratinocyte 
proliferation and differentiation. In psoriasis, a benign disease of the epidermis where 
suprabasal keratinocyte hyperproliferation occurs (Weinstein and Van Scott, 1965) and 
differentiation is disturbed (Bernard et aL, 1988), integrins are present in the suprabasal 
layers. In addition, integrin heterodimers that are not normally present in adult human 
epidermis, such as (x5pl, are expressed (Pellegrini et aL, 1992). Compelling evidence 
for a direct link between suprabasal integrin expression and keratinocyte 
hyperproliferation was obtained by the enforced expression of the PI-integrin subunit in 
the suprabasal layers of murine epidermis, resulting in a phenotype closely resembling 
psoriasis (Carroll et aL, 1995). In addition, studies of epidermal neoplasms have shown 
that the (44, (01 and 041 integrins are expressed suprabasally in some benign 
squamous papillomas and more homogenously in primary and metastatic squamous cell 
carcinomas (Van Waes et aL, 1995). 
A number of in vitro studies have also demonstrated the importance of integrins in 
the control of human keratinocyte differentiation. The observation, made by Green in 
1977, that depriving keratinocytes of matrix contact (section 3.2.4) is sufficient to 
induce aspects of the differentiation process has now been extended considerably. 
Separation from the matrix induces an irreversible cessation of DNA synthesis and the 
induction of involucrin expression (Watt et aL, 1988). Soon after cells are separated 
from the extracellular matrix, the integrins present on the cell surface lose their adhesive 
function and the synthesis of new integrins is inhibited (Hotchin et aL, 1995; Nicholson 
and Watt, 1991; Adams and Watt, 1990). At later times, when the cells have committed 
to the differentiation process and are synthesising involucrin, the cell-surface integrins 
are internalised and degraded (Hotchin et aL, 1995; Watt et aL, 1988). Confirmation of 
the importance of one integrin heterodimer in this process came when it was shown that 
the presence of soluble fibronectin suppressed the induction of involucrin expression in 
keratinocytes deprived of matrix contact, directly implicating the a5PI fibronectin 
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receptor in the control of the differentiation program (Adams and Watt, 1989). 
Furthermore, involucrin induction is also suppressed by an antibody which blocks Pj- 
integrin function (Watt et aL, 1993). Indeed, other ligands of Pi-containing 
heterodimers were subsequently implicated in the control of differentiation when it was 
shown that the addition of laminin and collagen IV in the presence of small amounts of 
fibronectin also inhibits suspension-induced differentiation (Watt et aL, 1993). Other 
studies have suggested a role for the (41 laminin 5 receptor in the modulation of 
differentiation, on the basis that antibodies which promote cell-cell adhesion (and 
inhibit cell-matrix adhesion) mediated by this heterodimer can induce some aspects of 
differentiation (Symington and Carter 1995). These studies on the control of 
keratinocyte differentiation by the integrins have led to suggestions that detachment 
from the basement membrane may play a crucial role in the induction of differentiation 
in vivo. In this model (described in Hotchin et aL, 1993), if a basal keratinocyte does 
not form integrin-mediated interactions with the extracellular matrix for a certain period 
of time, conformational changes in the integrin receptors occur and the cell commits to 
differentiation. The consequence of the altered integrin conformation is a reduction in 
the ability of the cell to bind extracellular matrix resulting in the displacement of the cell 
from the basal layer of the epidermis. This cell now internalises and degrades the cell- 
surface integrins whilst differentiating further and moving towards the surface of the 
skin. 
2.2 CELL-CELL ADHESION 
The integrity of the epidermis is maintained by the inter-keratinocyte adhesions present 
throughout the tissue. In the cornified layer, the cells are held together by the 
interdigitations of their extremities and perhaps also by molecular interactions between 
their specialised lipid envelopes (Wertz et aL, 1989). Deeper in the epidermis, more 
complex interactions are found, in the form of cadherin-mediated adherens junctions 
and desmosomes. Both of these two main types of keratinocyte intercellular adhesion 
are Ca'-dependent and utilise members of the cadherin family to mediate their adhesive 
interactions. However, the classical cadherins of the adherens junction interact 
indirectly with the actin cytoskeleton whereas the desmosomal cadherins indirectly 
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interact with the keratin intermediate filaments. As its name suggests, the desmosome 
has many properties and components in common with the hemidesmosome (section 
2.1.1). 
2.2.1 The desmosome 
Desmosomes (Figure 3 a) are present in all the living layers of the epidermis. During 
the differentiation process they increase in both number and size and use different 
isoforms of some of their components (Amemann et aL, 1993; Skerrow et aL, 1989; 
Chapman and Walsh, 1990) before being disassembled during the transition between the 
upper granular layer and the cornified layer (King et aL, 1987). However, some 
desmosomal components persist in the cornified layer and are incorporated into the 
structure of the cornified envelope, raising the possibility that the keratin intermediate 
filaments could be attached to the envelope via these desmosomal remnants (Robinson 
et aL, 1997). 
A. The structure of desmosomes and their association with intermediate filaments 
The transmembrane desmosomal glycoproteins that are involved in cell-cell adhesion 
are the desmogleins and the desmocollins, both having partial homology to the classical 
cadherins in their extracellular domains (Goodwin et aL, 1990; Holton et aL, 1990). 
The way in which these proteins mediate cell-cell adhesion is not fully understood but it 
is possible that a heterodimer containing a desmoglein and a desmocollin may comprise 
the basic adhesive structure (Chitaev and Troyanovsky, 1997). There are three 
desmoglein isoforms encoded by different genes, Dsgl, Dsg2 and Dsg3 (Buxton et aL, 
1993), all of which contain a binding site for the catenin, plakoglobin (section 2.2.2B) in 
the cytoplasmic tail. There are also three desmocollin genes, dscl, dsc2 and dsc3 (King 
et aL, 1995), each of which gives rise to two alternatively spliced mRNA transcripts 
encoding an 'a' form and aV form. The a-forms contain an additional II amino acids 
in the cytoplasmic domain, including a plakoglobin binding site which is absent from 
the b-forms (Troyanovsky et aL, 1994a). The desmocollins and desmogleins associate 
indirectly with the keratin intermediate filaments via proteins that include desmoplakin, 
plakoglobin and possibly IFAP 300 (Skalli et aL, 1994). 
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Figure 3 
Cell-cell adhesions formed by keratinocytes 
The desmosome. 
The cadherin-mediated adherens junction. 
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Desmoplakin is a dumbell-shaped molecule with a central cc-helical coiled rod 
domain flanked by two globular end domains (Green et aL, 1992b) and the carboxy- 
terminus interacts directly with type II epidermal keratins including KI and K5 (Kouklis 
et aL, 1994). This association may be regulated by the phosphorylation of a serine 
residue in the carboxy-terminus of desmoplakin by protein kinase A (PKA) 
(Stappenbeck et aL, 1994). Desmoplakin was recently shown to to be essential for the 
attachment of keratin intermediate filaments to the desmosome (Bornslaeger et aL, 
1996). 
Plakoglobin is also a constitutive component of desmosomes and can bind to both 
a-form desmocollins and to desmogleins (Witcher et aL, 1996). Although plakoglobin 
does not bind directly to keratins, it may act as a 'bridging' protein between components 
of the desmosome since deleting the plakoglobin binding site in desmosomal cadherins 
prevents them from binding to keratin filaments (Troyanovsky et aL, 1994b). 
C. The role of epidermal desmosomes 
In human epidermis, Dsg1 is expressed in all the layers but gradually accumulates with 
increasing differentiation, Dsg2 is restricted to the basal layer and Dsg3 is most 
prevalent in the lower spinous layers (Amemann et aL, 1993). Of the desmocollins, 
Dscl is restricted to the upper layers of the epidermis whereas Dsc2 and Dsc3 are 
expressed in all layers. Furthermore, a novel desmosomal component, envoplakin is 
exclusively present in the desmosomes of differentiating cells and is later incorporated 
into the cornified envelope (section 1.2.1) (Ruhrberg et aL, 1996). Although the 
functional significance of these alterations in desmosmal constitution during 
differentiation is not understood, it is clear that some aspects of desmosomal structure 
and function are tailored to the requirements of the differentiated keratinocyte. 
The importance of the desmosome in maintaining the physical integrity of the 
epidermis is highlighted by the effects of defects in desmosomal adhesion that are seen 
in some human blistering diseases. One such condition is pemphigus vulgaris (PV) 
where autoantibodies against desmoglein 3 cause the loss of cell-cell adhesion in the 
basal and immediately suprabasal layers of the skin and mucous membranes (Amagai et 
aL, 1991; Buxton et aL, 1993). Integrin-mediated adhesive interactions between the 
basal keratinocytes and the basal lamina are unaffected and the epidermis of affected 
individuals often splits immediately above the basal layer, causing the loss of the outer 
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layers of cells leaving large eroded areas susceptible to infection and water loss. 
Without treatment, this condition is almost invariably fatal (Stanley, 1993). There has 
been some debate as to the role of the Dsg3 autoantibodies in this condition and it has 
been suggested that blister formation requires the release of proteases from affected 
keratinocytes (Morioka et aL, 1987). However, the recent production of a Dsg3 -/- 
mouse has shown that the absence of this desmoglein is sufficient to cause a blistering 
phenotype which closely resembles, but is not identical to, pemphigus vulgaris (Koch et 
aL, 1997). 
2.2.2 The cadherin-mediated adherens iunction 
Cell-cell adhesions of this type (Figure 3 b) involve the classical cadherins (including E- 
, P- and N-cadherin) and require the presence of calcium 
ions (Ca') for their formation 
and perpetuation (Takeichi, 1977). The adhesive function of the classical cadherins is 
destroyed by trypsin in the absence, but not in the presence, of Ca'+ (Takeichi et al., 
1981), a feature that was used in the initial identification of some of these proteins. A 
number of cadherins have now been identified, including E- (epithelial), P- (placental), 
N- (neural), Ksp- (kidney specific, Thomson et aL, 1995), OB- (osteoblast, Okazaki et 
aL, 1994), Ll- (liver/intestine, Berndorff et al., 1994), M- (muscle, Donalies et al., 1991) 
and T-cadherin (truncated, Ranscht and Dours-Zimmermann, 1991). Some of these 
molecules are not considered classical cadherins, for example T-cadherin, which may 
not be involved in mediating cell-cell adhesion directly but may be important in cellular 
recognition (Koller and Ranscht, 1996). Human keratinocytes express two classical 
cadherins- E-cadherin and P-cadherin. Cadherins generally only form homophilic 
adhesions with identical cadherins on opposing cells, providing a mechanism that leads 
to the aggregation of 'like' cells and the exclusion of 'unlike' cells (Nose et al., 1988), 
an important feature of tissue morphogenesis. This selectivity, in conjunction with the 
restricted tissue distribution of the cadherins means that these molecules play an 
important role in development. This is demonstrated by the E-cadherin nullizygous 
mice which fail to complete embryogenesis (Larue et al., 1994). 
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A. Cadherin structure and function 
E-cadherin is the best characterised of all the cadherins and its structure will now be 
examined in more detail. Much of this description is also applicable to P-cadherin, the 
other cadherin present in keratinocytes which shows extensive homology with E- 
cadherin. E-cadherin is a single pass transmembrane glycoprotein of 120kD which is 
derived from a larger ORD precursor (Peyrieras et aL, 1993) by proteolysis and is 
subsequently phosphorylated (Vestweber and Kemler, 1984) and glycosylated (Hyafil et 
aL, 1980) during transport to the cell surface. The proteolysis of the precursor'form to 
the smaller mature form is essential for the adhesive function of the protein and takes 
place before the protein is inserted into the cell membrane. Thus, the uncleaved form of 
E-cadherin is not normally inserted into the cell membrane. However, if the proteolytic 
site is mutated, the ORD precursor can then be detected in the membrane, indicating 
that proteolytic cleaveage is not a pre-requisite for membrane insertion (Ozawa and 
Kernler, 1990). When the mature E-cadherin is inserted into the plasma membrane, the 
N-terminus is extracellular (Figure 4) and comprises five, 7-stranded P-barrel 
extracellular repeats (EC 1 -5) connected by 10-residue linkers. In between each pair of 
EC repeats is a pocket that binds three Ca++ held in a contiguous arrangement by 
negatively charged amino acid side-groups (Nagar et aL, 1996 and Overduin et aL, 
1995). There are thus four potential CP -binding pockets in the extracellular portion 
of each cadherin molecule, located at the flexible 'nodes' of the molecule. This 
provides a potential explanation for the globular shape of E-cadherin in the absence of 
Caý+, and its rod shape in the presence of Ca++ (Pokutta et aL, 1994). In the presence of 
Cd', E-cadherin not only changes into a rigid rod shape but also forms dimers between 
parallel molecules projecting from the surface of the same cell, an interaction involving 
the N-terminal EC domains (Nagar et aL, 1996). In addition to the gross conformational 
changes induced in the presence of Ce+, another part of the E-cadherin molecule that 
responds to Ce+ is the HiS79-Ala-Val sequence in EC-1 (Overduin et aL, 1995; the 
numbering applies to murine E-cadherin), also present in P-cadherin and N-cadherin. 
This tripeptide sequence is thought to be the site where the initial homophilic 
interactions between cadherin molecules are made (Blaschuk et aL, 1990). These 
interactions are believed to occur between the HAV sequence and a membrane-proximal 
region immediately preceding the transmembrane domain of the cadherin projecting 
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from an adjacent cell, a site where adhesion-disrupting antibodies interact (Ozawa et al., 
1990; Hatta et aL, 1988). 
B. Interactions with the cytoskeleton 
The classical cadherins are indirectly associated with the actin cytoskeleton by proteins 
of the catenin family which bind to the immature cadherin before it is inserted into the 
cell membrane (Figure 3b ; Ozawa et al., 1989; Ozawa and Kemler, 1992). At least six 
catenins have been identified in mammalian cells, including cc-catenin, P-catenin, 
plakoglobin (or y-catenin), p120c" (previously named pl2ocas, Reynolds and Daniel, 
1997) and recently p0071 (Hatzfeld and Nachtsheim, 1996) and ARV (Sirotkin et aL, 
1997), of which a-catenin and either P-catenin or plakoglobin are required to mediate 
interactions with the actin cytoskeleton. P-catenin, plakoglobin, p120ct', p0071 and 
ARV all have homology with the Drosophila segment polarity-determining protein 
Armadillo and contain a number of the armadillo protein-protein interaction motifs 
originally identified in this protein (Riggleman et al., 1989). Either P-catenin (94kD) or 
plakoglobin (83kD) binds directly to a 25-amino acid domain in the cytoplasmic portion 
of the cadherin molecule (Jou et al., 1995), although plakoglobin is also involved in the 
formation of desmosomes (section 2.2.1), and is preferentially associated with this type 
of adhesion (Peifer et al., 1992; Nathke et al., 1994). Neither plakoglobin nor P-catenin 
has any actin-binding function and must interact with an additional member of the 
catenin family to indirectly tether cadherins to the cytoskeleton. This actin-binding 
function is performed by a single catenin, namely cc-catenin, a 102kD protein with 
homology to vinculin (but not Armadillo) that directly binds and can also bundle actin 
filaments (Rimm et al., 1995; Nagafachi et al., 1991). cc-catenin can bind to both P- 
catenin and plakoglobin, but binds to P-catenin more strongly (Obama and Ozawa, 
1997). In addition, a-catenin can oligomerise with itself, or with the actin-binding 
proteins vinculin and oc-actinin (Knudsen et al., 1995), serving to cluster cadherins on 
the surface of the cell, possibly producing a high affinity site for cell-cell interaction 
(Ozawa et al., 1989). 
24 
Figure 4 
25 
Fieure 4 
The structure of E-cadherin 
A schematic representation of the E-cadherin protein. The extracellular portion of 
mature E-cadherin contains five repeats (ECI-5) which are predicted to be P-barrel 
structures. Between each EC repeat is a calcium-binding pocket, formed by the adjacent 
EC repeats, each of which binds three Ca' ions, stabilised by negatively-charged amino 
acid side-chains that project into the binding pocket. In the first, N-terminal repeat is 
the HAV motif which is conserved between many cadherins, and is believed to form the 
recognition domain of the molecule, possibly interacting with a region between EC5 and 
the cell membrane of opposing cadherin molecules on adjacent cells. The intracellular 
portion of the protein contains the catenin binding domain, in the C-terminal 25 amino 
acids. 
The structure of E-cadherin 
N-terminus 
cell 
membrane 
C-terminus 
Indeed, it has been suggested that the formation of homophilic adhesions could be 
controlled by this lateral movement of cadherins on the cell surface since the formation 
of parallel dimers between adjacent E-cadherin molecules via the EC- I repeats precedes 
homophilic interaction in vitro (Tomschy et al., 1996). More recent studies have 
confirmed that the lateral clustering of cadherins on the cell surface increases the 
strength of adhesions (Yap et al., 1997). These events are a form of 'inside- 
out'signalling whereby the affinity of the cadherins are modulated from within the cells. 
This indicates that the cadherins can act as signal transducers, a concept which will be 
described in more detail in section 2.2.2C. 
The catenin, p120c', may not be involved with cytoskeletal interactions and was 
originally identified as a protein that is heavily tyrosine phosphorylated in v-Src (section 
2.3) transformed cells (Reynolds et al., 1989). pl20ctn (Reynolds et al., 1989) and P- 
catenin (Harnaguchi et aL, 1993) are two of a small number of v-Src substrates that are 
not tyrosine phosphorylated by a cytosolic mutant of constitutively active c-Src which 
has kinase activity but is transformation-defective (Kamps et al., 1985), suggesting that 
their tyrosine phosphorylation by v-Src may play an important role in the transformation 
process. The mutated c-Src (p6o2A/527F) is cytosolic because it lacks the glycine residue 
at position 2 where the protein is normally myristylated (section 2.3.1). The altered 
subcellular localisation of this mutant c-Src may prevent it from accessing p1 20ctn , much 
of which is membrane-associated via an attached myristyl group (Kanner et al., 1991). 
p120" is also tyrosine phosphorylated in response to ligand binding by several protein 
tyrosine kinase receptors including those for epidermal growth factor (EGF) and 
platelet-derived growth factor (PDGF) (Downing and Reynolds, 1991). 
In a similar manner to P-catenin and plakoglobin, pl20ctn also binds to a region 
encompassed by the carboxy-teminal 37 amino acid residues of E-cadherin (Shibarnoto 
et al., 1995; Nagafuchi and Takeichi, 1989), an interaction mediated by the armadillo 
repeats that it shares with these catenins (Reynolds et al., 1992). However, unlike P- 
catenin and plakoglobin, pl20'tn does not bind directly to a-catenin and is only 
detectable in the same complex when E-cadherin is also present (Daniel and Reynolds, 
1995). This observation suggests that pl2octn has a different binding site on E-cadherin 
from P-catenin and plakoglobin since it can bind to E-cadherin simultaneously with one 
of these other catenins. However, it is also possible that E-cadherin exists as dimers and 
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that p120"' is bound to one E-cadherin molecule whilst the other E-cadherin molecule 
binds either plakoglobin or P-catenin. 
The messenger RNA (mRNA) for p120c" is present in a wide variety of tissues, 
suggesting that the protein is also widely expressed (Reynolds et al., 1992). It is now 
known that a number of p120"' isoforms exist, with different tissue distributions, 
implying that they may have diverse functions in different tissues (Keirsebilck and van 
Roy, 1997). These first four isoforms to be described were grouped into two pairs on 
the basis of their size, the nomenclature of which was based on the previous name for 
p120"' (pl20c')- CASIA and CASIB are approximately l20kD whereas CAS2A and 
CAS213 are lOOkD is size. In general CASI isoforms (now referred to as pl2oc'nl)are 
expressed in mesenchymal cells such as fibroblasts and CAS2 isoforms (now referred to 
as pl20""3) are predominantly expressed in epithelial cells. Intriguingly, a variety of 
carcinoma cell lines show aberrant expression of the CAS I isoforms and some lose the 
CAS2 isoforms that would normally be present (Mo and Reynolds, 1996) perhaps 
indicating a loss of the epithelial phenotype. All four isoforms are derived by variations 
in the mRNA splicing process and are predicted to interact with cadherins since they all 
contain the armadillo repeats that are known to be sufficient for association with E- 
cadherin (Daniel and Reynolds, 1995; Staddon et al., 1995). However, there are likely 
to be functional differences between the p120c" isoforms. For example, the largest 
pl2oon isoforms (pl20ctl) are associated with the cytosolic protein tyrosine kinase Fer, 
whereas the shorter isoforms are not (Kim and Wong, 1995). Fer is a non-Src-family 
kinase which has a single SH2 domain and a large amino terminal domain of unknown 
function (Hao, et al., 1989). The functional significance of this association is not known 
but may not be important in keratinocytes which do not express the pl20'tl isoforms 
(section 9.2.3C). The cellular role of pl20ctn is not yet understood but there have been 
suggestions that it could interfere with the binding of P-catenin and plakoglobin to E- 
cadherin in transformed cells, thus disrupting cell-cell adhesion (Kinch et al., 1995). 
pl2oan is the closest relative of the most recently described, ubiquitously 
expressed catenin which also contains armadillo repeats, ARV (armadillo repeat gene 
deleted in VCFS), which is defective in a significant proportion of patients suffering 
from velo-cardio-facial syndrome (VCFS). This disease is manifested as a variety of 
developmental abnormalities including heart defects, cleft palate and facial 
dysmorphology. Although a role for this novel catenin has yet to be demostrated, the 
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gene encoding ARV is hernizygous in a significant proportion of these VCFS patients 
(Sirotkin et d, 1997), suggesting that ARV may play an important role in normal 
human development and morphogenesis. 
Another novel catenin which is closely related to p 120' 't' is p007 1, again having a 
central armadillo repeat region. This ubiquitously expressed protein is localised to 
cadherin-mediated cell-cell adhesions and may also be a desmosomal component, 
suggesting that it may play some role in intercellular adhesion (Hatzfeld and Nachtstein, 
1996). 
C. Signalling to and from cadherin-mediated adherens junctions 
In a similar manner to some other types of cell adhesion, adherens junctions can act as 
two-way signal transducing structures with signals from within the cell acting to 
regulate the stability of the junction or the junction modulating the behaviour of the cell. 
Inside-out signalling 
The regulation of this type of adhesion from within the cell is beginning to be 
elucidated. For example, in 1995 Takeda and co-workers showed that increased v-Src 
tyrosine kinase activity caused cadherin-mediated epithelial cell-cell adhesions to alter 
from a strong state to a weaker state, suggesting that tyrosine phosphorylation can 
influence junction stability. This destabilisation is concurrent with increased tyrosine 
phosphorylation of P-catenin (Matsuyoshi et al., 1992) although P-catenin is not 
required for the v-Src-induced weakening of these cell-cell adhesions (Takeda et al. 
1995). Another junction component, the actin-capping protein radixin (Tsukita et al., 
1989) is also tyrosine phosphorylated in v-Src transformed epithelial cells (Takeda et 
al., 1995), potentially disrupting interactions between the adhesions and the actin 
cytoskeleton. 
Serine/threonine phosphorylation may also play a role in the control of these 
adhesions. Inactivating Ser/Thr phosphatases with okadaic acid or calyculin A causes 
the disruption of cadherin-mediated cell-cell adhesions (Serres et aL, 1997) and 
decreasing Serfrhr phosphorylation using the protein kinase inhibitor H-7 prevents cells 
from breaking their adherens junctions upon withdrawal of extracellular Ca" (Citi, 
1992). Thus, reducing the Ser/Thr phosphorylation of cell-cell adhesion components 
appears to increase the stability of the junction. However, activating protein kinase C 
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(PKC) in low extracellular Ca++ is sufficient to induce the transient relocalisation of E- 
cadherin, a-catenin, P-catenin, a-actinin and vinculin, but not desmosomal components, 
to regions of cell-cell contact of keratinocytes propagated in vitro (Lewis et al., 1994a). 
This response is similar to that induced by high extracellular Ca++. In a complementary 
series of experiments, the same authors showed that depleting cellular levels of PKC can 
block the Ca++-induced formation of cadherin-mediated adherens junctions. It is 
noteworthy that activating PKC also induces many features of keratinocyte 
differentiation in vitro, indicating that the formation of adherens junctions could be a 
component of this process (section 3.2.1; Parkinson and Emmerson, 1982). Thus, the 
relationship between phosphorylation and the stability of cadherin-mediated cell-cell 
adhesions is complex although it is clear that both tyrosine and serine/threonine 
phosphorylation can modulate this type of intercellular adhesion. 
Outside-in signalling 
The influence that can be exerted by the presence of cadherin-mediated cell-cell 
adhesions on cell behaviour indicates that these adhesions have functions beyond 
mediating homophilic physical interactions between cells. Signalling into the cells from 
this type of adhesion is relatively uncharacterised although a number of molecules with 
potential signalling function are now known to be components of these adhesions. 
Three members of the Src-family kinases (section 2.3) colocalise with the 
cadherins in cell-cell junctions (Tsukita et aL, 199 1) although they have yet to be shown 
to physically associate with components of the adhesion. In addition, several different 
tyrosine phosphatases have been detected in association with the junctional complex 
including RPTPpt, a receptor protein tyrosine phosphatase (Brady-Kalnay et aL, 1995); a 
member of the LAR-PTP family, a leukocyte antigen-related transmembrane tyrosine 
phosphatase that dephosphorylates P-catenin (Kypta et aL, 1996); PCP-2, a receptor 
protein tyrosine phosphatase (Wang et al., 1996) and a PTP-IB-like phosphatase 
(Balsamo et aL, 1996). However, none of these molecules has been shown directly to 
mediate signalling from the adhesion and could be equally important in regulating 
junction stability as described above. A molecule that associates directly with the 
cadherins and could play an important role in signalling is the adapter protein Shc which 
may provide a mitogenic signal via Ras activation (see also section 2.1.113), but again 
could also modulate junction stability (Xu et aL, 1997a). 
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D. Cadherins and the control of cpithelial cell behaviour 
In the epidermis, E-cadherin is expressed throughout the living layers whereas P- 
cadherin is normally restricted to the basal layer, being degraded as the keratinocytes 
enter the spinous layer (Fujita et aL, 1992). There is now evidence that the formation of 
cadherin-mediated adhesions in the epidermis and in other epithelial tissues plays an 
important role in the control of cellular behaviour and tissue architecture. Supportive of 
this hypothesis, the loss of E-cadherin is a common feature of many carcinomas 
(Behrens, 1994), including the keratinocyte malignancy, squamous cell carcinoma 
(SCC) in which differentiation is suppressed and the cells become invasive (Schipper et 
aL, 199 1). A causative link between the absence of E-cadherin and malignant behaviour 
is supported by the finding that re-expressing E-cadherin in invasive carcinoma cell 
lines in vitro restores a more differentiated, non-invasive epithelial phenotype (Frixen et 
aL, 199 1). Furthermore, the heterogeneity in involucrin expression within a squamous 
cell carcinoma is exactly mirrored by the expression of E-cadherin, with involucrin only 
present in areas where E-cadherin is expressed (Andrews et aL, 1997). Keratinocytes 
expressing the human papilloma virus (HPV)- 16 proteins E6 and E7 also fail to express 
functional E-cadherin, are differentiation-resistant, express high levels of the EGF 
receptor and are invasive. Re-expressing E-cadherin in these cells returns the EGF-R 
levels to normal and reverses the invasive phenotype (Wilding et aL, 1996). However, 
the relationship between the cadherins and differentiation is likely to be complex, as a 
recent study by Zhu and Watt (1996) shows. Contrary to expectations, the expression of 
a dominant negative E-cadherin in human keratinocytes inhibited proliferation and 
promoted differentiation. 
In some malignancies, E-cadherin is not lost but some other component of the adhesion 
(e. g. cc-catenin) may no longer be present or functional. In these cases, re-expressing the 
missing catenin also restores a more normal phenotype (Bullions et aL, 1997). Thus, 
there are considerable data in support of the hypothesis that cadherin-mediated adherens 
junctions are involved in the control of the normal epithelial phenotype although a direct 
demonstration that this is true has yet to be acheived. 
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2.3 THE SRC-FAMILY KINASES AND THE KERATINOCYTE 
The Src-family is a group of nine non-receptor protein tyrosine kinases (Blk, Fgr, Fyn, 
Hck, Lck, Lyn, Src, Yes and Yrk). The cellular src (c-src) gene was the first proto- 
oncogene to be discovered (Stehelin et aL, 1976) and mutations in this gene gave rise to 
the activated oncogenic variant v-src which is the transforming gene of the Rous 
sarcoma virus. The protein encoded by this gene, v-Src, was found to have kinase 
activity in 1978 (Collett and Erikson, 1978; Levinson et aL, 1978) and c-Src was 
subsequently demonstrated to be a tyrosine kinase (Courtneidge and Smith, 1983; 
Eckhart et aL, 1979). Some other members of the Src family were also identified as the 
transforming components of avian sarcoma viruses, for example v-Yes is the 
transforming component of the Yamaguchi 73 avian sarcoma virus (Erikson and 
Erikson, 1983), whereas others were identified on the basis of homology to known 
members of the family, for example, Fyn (Kawakami et aL, 1986). Some members of 
the family are expressed ubiquitously, e. g. c-Src, Fyn and c-Yes, whereas others such as 
Lck have a more restricted tissue distribution (reviewed in Cooper, 1990). The structure 
of c-Src is the best characterised of the family (summarised in Figure 5 a. ) and will now 
be described in more detail. 
2.3.1 The structure of c-Src 
The N-terminus or SH4 (Src-homology 4) domain of c-Src (Figure 5 a) contains the 
membrane anchoring region of the protein where a myristyl group is attached to the 
penultimate amino acid, a glycine (Kaplan et aL, 1988). In addition to myristylation, 
some family members, though not c-Src, are also palmitoylated on cysteine residues in 
the SH4 domain strengthening their association with the plasma membrane (Koegel et 
aL, 1994). However, c-Src has basic amino acids in the SH4 domain which contribute to 
membrane association by electrostatically interacting with acidic membrane 
phospholipids (Sigal et aL, 1994). Membrane association is an important determinant of 
Src kinase function and is required for transformation by v-Src (Kamps et aL, 1986). 
Adjacent to the SH4 domain is the unique domain which is highly divergent 
between the Src family members and contributes towards the functional specificity of 
the different family members. For example, Lck is involved in signalling from the CD4 
and CD8 receptors in T-lymphocytes and its unique domain forms disulphide bonds 
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with the CD8 receptor, an interaction that other family members are unable to perform 
(Yi and Cheong, 1996). 
Following the unique domain, is the SH3 domain, which has a range of functions 
involving the localisation, regulation and substrate recognition of the kinase. This 
domain binds to proline-rich ligands that have a left-handed helical conformation (Yu et 
aL, 1994) and its binding affinity for different ligands of this type varies between Src- 
family members (Rickles et aL, 1995). c-Src also has a tyrosine phosphorylation site in 
the SH3 domain which decreases the affinity of the SH3 domain for ligands when it is 
phosphorylated, for example by the PDGF receptor (Broome and Hunter, 1995), 
providing an additional mechanism for regulating SH3 domain interactions. 
The SH2 domain most readily binds to sequences containing phosphotyrosine in 
the preferred sequence YEEI (Songyang et aL, 1994) although not all proteins that bind 
to the SH2 domain contain such a sequence, for example the PDGF receptor (Kypta et 
aL, 1990; Mori et aL, 1993). The functions of the SH2 domain include substrate 
recognition and also regulation of kinase activity. Like the SH3 domain, the affinity of 
the SH2 domain for its ligands may be regulated by post-translational modifications, 
such as tyrosine phosphorylation. At present, this has only been demonstrated in Lck 
which is phosphorylated at tyrosine 192 (homologous to Y213 in c-Src), possibly by the 
cytoplasmic tyrosine kinase Syk (Couture et al., 1994). 
The kinase (or SHI) domain is highly conserved within the Src family and also 
plays a role in substrate selection. The preferred substrate sequence of the c-Src kinase 
domain is EEEIYG/EEFD which has some similarities to the preferred binding sequence 
of the SH2 domain, prompting the suggestion that the SH2 domain may bind to a target 
sequence before it is phosphorylated (Zhou et aL, 1995a). There is a tyrosine residue 
within the kinase domain (Y416 in avian c-Src) which is the major autophosphorylation 
site (Smart et aL, 198 1; Cooper and MacAuley, 1988), the phosphorylation of which is 
required for the full activation of Src (Ferracini and Brugge, 1990). Dephosphorylated 
Y416 may somehow block substrate access to the kinase domain or alternatively, the 
phosphorylated form may serve to stabilise the catalytically active form of Src. In 
addition, Y416 phopshorylation may create a new binding site for the SH2 domains of 
other proteins, including the regulatory kinase Csk (section 2.3.2). 
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Figure 5 
The structure of c-Src 
a. Schematic representation of c-Src, showing the SH4 domain with membrane- 
anchoring myristylation site, unique domain, proline-rich sequence-binding SH3 
domain, phosphotyrosine-binding SH2 domain, kinase domain with the tyrosine 416 
autophosphorylation site and the carboxy-terminal tail with regulatory tyrosine 527. 
b. Schematic representation of c-Src inactivated by phosphorylation of tyrosine-527 
which now interacts with the SH2 domain. 
The structure of c-Src 
a. The domains of c-Src 
myristylation site (glycine 2) 
N-terminus 
b. The conformation of inactive c-Src 
tyrosine 416 tyrosine 527 
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The carboxy-terminal tail of the Src-family kinases is 15 to 17 residues long and is 
involved in the negative regulation of kinase activity. It is absent from the transforming 
v-Src protein. The regulatory tail contains a conserved tyrosine residue (Y527 in avian 
c-Src) that strongly suppresses kinase activity when it is phosphorylated 
(Courtneidge, 1985), irrespective of the phosphorylation status of Y416 (Stover et 
aL, 1994). The inhibition of Src kinase activity by phosphorylated Y527 involves the 
intramolecular binding of this C-terminal phosphotyrosine to the SH2 domain (Matsuda 
et aL, 1990) as depicted schematically in Figure 5 b. This interaction causes a change in 
the conformation of c-Src, originally inferred from the altered pattern of proteolytic 
sensitivity seen in inactive c-Src (MacAuley and Cooper, 1989). Y527 binding to the 
SH2 domain may compete with SI-12-binding proteins for the SH2 domain or could 
block access to the kinase domain, thus preventing the phosphorylation of substrates. It 
is now known that the SH3 domain also contributes to the stabilisation of this inactive 
form of c-Src by interacting with the linker sequence which unites the kinase domain 
with the SH2 domain (Xu et aL, 1997b). The functional significance of this interaction 
in Hck was recently demonstrated by its disruption with a high affinity ligand which 
resulted in a dramatic increase in kinase activity (Moarefi et aL, 1997). 
2.3.2 Src-family regulation 
c-Src can be activated by a range of different stimuli, including activation of the EGF 
and PDGF receptors (Ralston and Bishop, 1985) and elevated intracellular Ca++ 
(Rusanescu et aL, 1995; Zhao et aL, 1992). Considering the regulatory intramolecular 
interactions outlined above, a number of possible mechanisms for activating c-Src exist. 
These include the dephosphorylation of Y527, competition for the SH2 domain by a 
high affinity ligand, competition for the SH3 domain by ligand or allosteric disruption 
of the carboxy-tail/SH2 interaction. 
A key regulator of the Src-family kinases is Csk (C-terminal Src kinase, Nada et 
aL, 1991) which phosphorylates Y527 or its equivalent in all Src-family kinases and is 
expressed in most tissues (Bergman et aL, 1992; Okada et aL, 1991). Csk has SH2 and 
SH3 domains but unlike Src, it is not membrane-localised due to the absence of a 
myristylation site (Nada et aL, 1991). Although the target for Csk is Y527, mutation 
analyses have shown that the phosphorylation of Y527 by Csk is suppressed where the 
SH2 or SH3 domains are absent, suggesting that Csk interacts with other parts of Src in 
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addition to the C-terminal tail (Superti-Furga et aL, 1993). Csk has high affinity for 
binding Y416 which may function to direct Csk to activated Src, although binding to 
Y416 does not seem to be essential for Csk function (Sabe et aL, 1994). 
The normal mechanism of the regulation of Csk function may not involve altering 
its activity but, instead, may depend on varying its subcellular localisation, thus 
determining its access to Src-family kinases. These changes in subcellular localisation 
could be brought about by interactions between Csk and tyrosine-phosphorylated 
proteins that may target Csk to areas where Src is active (Howell and Cooper, 1994). 
This is supported by the finding that membrane-targeted Csk suppresses c-Src activity 
more effectively than normal Csk, demonstrating that Csk is most effective when 
localised to the same subcellular compartment as the active kinase (Chow et aL, 1993). 
Two phosphatases (Syp and SHP-1) which can counteract the effects of Csk by 
dephosphorylating Y527, thus activating c-Src, have now been identified. Both 
phosphatases are phosphorylated by, and bind to c-Src (Peng and Cartwright, 1995; 
Somani et aL, 1997). 
Mice with the Csk -/- genotype die during embryogenesis although development is 
normal up to gastrulation, suggesting that maternal Csk may persist up until that time or 
that another kinase can partially substitute for Csk (Imamoto and Soriano, 1993; Nada et 
aL, 1993). Furthermore, tyrosine 527 is partially phosphorylated in Csk -/- cells 
(Imamoto and Soriano, 1993) and although there is some evidence that Src can 
autophosphorylate at Y527 (Osusky et aL, 1995), when kinase defective Src is 
expressed in these cells it is also phosphorylated on Y527. A Csk relative has now been 
identified, namely Chk (Csk homologous kinase), previously referred to as Lsk, Hyl and 
Matk (Grgurevich et aL, 1997), which can partially substitute for Csk in Csk -/- 
fibroblasts (Davidson et aL, 1997). Chk is probably the only other kinase that can 
phosphorylate Y527. 
2.3.3 Src-familv substrates 
A plethora of Src-family substrates have been identified, including Shc (McGlade et 
aL, 1992), p 190 (Ellis et aL, 1990), the regulatory p85 subunit of P13 -kinase (Haefner et 
aL, 1995; Liu et al., 1993) and numerous components of focal adhesions including 
ppl25FAK (Calalb et al., 1995; Schaller et al., 1994), paxillin (Weng et al., 1993), tensin 
(Davis et al., 1991), talin (Pasquale et al., 1986) and vinculin (Sefton et al., 1981). In 
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addition some substrates are components of cell-cell adhesions, for example vinculin 
and the catenin p120"' (section 2.2.2 and Reynolds et aL, 1989). The interactions 
between Src kinases and p120c" are not understood but a direct association involving 
the Src SH2 or SH3 domains is thought to be unlikely. More probable, is a common 
membrane localisation as a result of myristylation, a modification that is required for 
p120co' phosphorylation by v-Src in fibroblasts (Linder and Burr, 1988). The 
phosphorylation of pl2oc, n by Src does not result in the displacement of p120c' or the 
cadherins from the adhesions (Reynolds et aL, 1994) and is perhaps more likely to 
interfere with the interactions between the adhesion complex and the actin cytoskeleton. 
2.3.4 Sre kinases in the epidermis 
Three members of the Src family are expressed in the epidermis- c-Src, c-Yes and Fyn. 
c-Src; is abundant within the perinuclear cytoplasm of spinous and granular layer 
keratinocytes (Zhao et aL, 1992) whereas c-Yes is abundant in the keratinocytes of the 
basal layer and is also present, although to a lesser degree, in the spinous layers 
(Krueger et aL, 1991). Neither c-Yes nor c-Src are detectable in the cornified layer, 
probably a consequence of the intracellular degradative processes that take place during 
the transition between the granular and comified layers. The localisation of Fyn within 
the epidermis has yet to be determined. 
There are now reports of all three kinases playing roles in the keratinocyte 
differentiation process, obtained using in vitro culture systems (section 3.1) and one 
using mice millizygous for thejyn gene. In human keratinocytes maintained in vitro, c- 
Src kinase activity is rapidly and transiently increased in keratinocytes treated with the 
ionophore A23187 in the presence of I. OmM extracellular Ca++ (Zhao et aL, 1992). This 
is a non-physiological treatment which increases the intracellular Caý' concentration, 
thus inducing the keratinocyte transglutaminase to assemble cornified envelopes, 
partially recreating the granular to cornified layer transition. Although envelope 
assembly in vivo is also accompanied by Ca' influx, it is unclear how closely ionophore 
treatment resembles the physiological situation, especially in view of the observation 
that ionophore treatment causes a similar increase in c-Src; kinase activity in fibroblasts 
(Zhao et aL, 1993). Under identical experimental conditions, the activity of c-Yes 
gradually decreases, possibly as a result of the Ca++-dependent binding of an inhibitory 
protein upon ionophore treatment (Zhao et aL, 1993). 
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The evidence supporting a role for Fyn in the control of keratinocyte 
differentiation is perhaps more compelling, as similar results were obtained both in vitro 
and in vivo (Calautti et aL, 1995) using fyn -/- mice and keratinocytes. In cultured 
murinefyn -/- keratinocytes, the differentiation response to high Caý+ (section 3.2.6) was 
abnormal and the induction of some differentiation-specific proteins including filaggrin 
and keratin I (KI) was suppressed, as was inducible transglutarninase activity. In 
addition, the delayed/reduced induction of filaggrin and Kl was also seen in the 
epidermis offyn -/- mice. Interestingly, no such defects were seen in c-Src -/- mice or 
keratinocytes. Thus, there is evidence that members of the Src family may be involved 
in the regulation of keratinocyte differentiation although their precise roles in this 
process remain to be explored. 
2.4 PROTEIN KINASE C AND THE KERATINOCYTE 
2.4.1 The protein kinase C family - reaulation and substrates 
The protein kinase C family of phospholipid-dependent serine/threonine protein kinases 
comprises at least 12 different mainly soluble isozymes, all requiring phosphatidylserine 
for activity but each having distinct functional chararacteristics. The conventional a, P 
and y protein kinase C (PKC) isozymes require both Ca++ and 1,2-diacylglycerol as 
cofactors for full activity although phorbol esters (section 3.2.1) can substitute for 
diacylglycerol (Nishizuka, 1984; Castagna et aL, 1982). Conversely, the novel PKC 
isozymes (8, c, il and a) do not require the presence of Ca++ for full activation (e. g. 
Kiley et aL, 1990). Other PKC isozymes such as ý and X are considered atypical forms 
of the enzyme as they do not require W+ or diacylglycerol (Akimoto et aL, 1994). All 
of the PKC isozymes have an N-terminal regulatory domain containing 
phosphatidylserine and phorbol ester binding sites. 
Each of the PKC isozymes phosphorylates different substrates in the cell. 
However, when purified and tested against a range of substrates in vitro, a lack of 
substrate specificity is evident (Kazanietz et aL, 1993). This suggests that some 
mechanism other than the intrinsic substrate specificity of the enzyme determines which 
substrates are phosphorylated. The basis of this selectivity is thought to involve the 
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specific subcellular localisation of the different isozymes thus determining substrate 
availability. In addition, the distinct subcellular localisations allow these predominantly 
soluble enzymes to phosphorylate cytoskeletal and membrane-bound proteins. A range 
of proteins to which PKC isozymes bind and could participate in this targeting process 
(and may also be substrates) have been identified, including the actin-binding proteins 
vinculin and talin (Hyatt et aL, 1994). It was not demonstrated that these proteins were 
substrates of PKC in this study, but it was demonstrated that PKCa binding could take 
place in the absence of Ca++, which is normally required for the catalytic activity of this 
enzyme. These data suggest that the binding activity and catalytic activity of PKC are 
separate functions. 
2.4.2 Protein kinase C isozvmes and keratinoevte behaviour 
The tumour-promoting effects of phorbol esters, when applied to murine epidermis 
strongly implicate members of the PKC family in the control of keratinocyte 
transformation. Although this is almost certainly true, non-protein kinase C receptors 
for phorbol esters also exist in some cell types (Ahmed et aL, 1993). Keratinocytes 
have yet to be investigated for these novel receptors. 
A number of protein C isozymes are present in the epidermis, including the Ca++- 
dependent PKCoc and PKCP isozymes and the Ca++-independent 8, c,, q and ý isozymes 
(Fisher et aL, 1993). Within the adult epidermis, PKCoc is expressed mainly in the 
lower epidermis, PKCP is predominantly localised to the upper cell layers and the Ca'- 
independent isozyme PKCq, is highly expressed in the suprabasal layers (Osada et aL, 
1993). Interestingly, this study also found that PKCP is virtually absent from psoriatic 
epidermis. Overexpressing PKGq in the suprabasal layers of murine epidermis 
stimulates squamous differentiation whereas the similar expression of a dominant 
negative mutant of PKCTI arrests differentiation in the granular layer (Kuroki et aL, 
1997). Together these data provide convincing evidence for PKC isozymes having an 
important role in keratinocyte differentiation. 
Altering keratinocyte PKC activity in vitro has been shown to modulate the 
stability of both adherens junctions (section 2.2.2; Lewis et al., 1994a; Citi, 1992) and 
desmosomes (Kitajima et al., 1992) and there is also evidence that PKC may regulate 
focal adhesion turnover in a hamster melanoma cell line (Lewis et al., 1996). In 
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addition, the 1,25-dihydroxyvitamin D3-induced formation of cadherin-mediated 
keratinocyte intercellular adhesions in vitro is supressed by protein kinase C inhibitors, 
again suggesting that this kinase may play a role in the assembly of this type of adhesion 
(Gniadecki et aL, 1997). 
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CHAPTER 3 
THE IN 117TRO STUDY OF KERATINOCYTE DIFFERENTIATION 
3.1 KERATINOCYTE CULTURE SYSTEMS 
The ability to propagate normal and malignant epidermal keratinocytes in vitro has 
greatly increased our understanding of the differentiation process. Many features of 
differentiation can be artifically induced in a population of keratinocytes under 
conditions where detailed biochemical analyses are possible, thus allowing a fuller 
understanding of the processes involved. A number of different keratinocyte culture 
systems exist, each with distinct advantages and disadvantages as outlined below. 
3.1.1 Growth in the presence of serum 
The first systems that could successfully maintain isolated keratinocytes (as opposed to 
whole skin explants) for significant periods of time in vitro were reported by Rheinwald 
and Green in 1975. They used a feeder layer of 3T3 fibroblasts prevented from 
proliferating by lethal irradiation, to produce a cocktail of growth factors and 
extracellular matrix proteins (Alitalo et aL, 1982) allowing the keratinocytes to be 
propagated in serum-containing medium. In this culutre system, the keratinocytes do 
not grow as a monolayer but rather as a series of stratified (multilayered) colonies which 
in some respects resemble the epidermis. For example, proliferation only occurs in the 
'basal' layer adjacent to the tissue culture substrate and the upper layers of the colonies 
express proteins that are restricted to the differentiating keratinocytes of the suprabasal 
layers in the skin (Watt, 1988). 
3.1.2 Growth on a floating dermal equivalent 
A very different type of culture system which more fully recreates the structure of the 
epidermis in vitro is the 'organotypic' raft culture where keratinocytes are seeded onto 
floating dermal equivalents. The cells grow at the air-liquid interface of the culture and 
produce a stratified structure very similar to normal epidermis (Rdgnier, 1981). A 
dermal equivalent consists of a section of de-epidermalised dermal tissue or 
extracellular matrix such as collagen (Kopan et aL, 1987; Karasek and Charlton, 1971). 
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This culture system recreates the physiological differentiation process more fully than 
any other keratinocyte growth system, but a major difficulty is that cells at different 
stages of differentiation cannot be isolated for biochemical analyses. 
3.1.3 Growth in the absence of serum 
A third type of culture system used for propagating human keratinocytes does not make 
use of feeder cells and does not contain serum, thus removing some of the complicating 
factors that can hamper the interpretation of studies performed using the culture system 
described by Rheinwald and Green. These serum-free culture systems are based on the 
MCDB 153 medium to which bovine pituitary extract and some defined growth factors 
(hydrocortisone, insulin, EGF) are added for optimal growth (Tsao et aL, 1982). A 
further advantage of these culture systems is that they can easily be prepared to contain 
different amounts of Caý+ which greatly facilitates the study of the consequences of 
altering the extracellular Ce+ concentration on the control of keratinocyte behaviour 
(section 3.2.6). 
3.2 MODULATORS OF KERATINOCVTE DIFFERENTIATION 
A variety of agents and culture conditions which can modulate the differentiation status 
of keratinocytes in vitro have been defined using the different culture systems outlined 
above. These include phorbol esters, retinoids, dihydroxyvitamin D3, growth in 
suspension, cell shape and extracellular Caý+ 
3.2.1 Phorbol esters 
Phorbol esters are a group of compounds that are potent turnour promoters when 
applied to murine skin (reviewed in Scribner and Suss, 1978); however, they can also 
induce features of the differentiation process in vitro. Phorbol, 12-myristate, 13-acetate 
(PMA) is a phorbol ester that induces some aspects of human keratinocyte 
differentiation in vitro including altered cell morphology, altered adhesion, cytoplasmic 
and nuclear destruction and the assembly of cornified envelopes (Parkinson and 
Emmerson, 1982). Furthermore, there is also evidence from studies on murine 
keratinocytes that the PMA can act to induce changes indicative of the spinous to 
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granular layer transition, including the expression of loricrin and filaggrin whilst 
repressing spinous cell differentiation proteins such as keratins KI and KIO (Dlugosz 
and Yuspa, 1993; Dlugosz and Yuspa, 1994). This process is likely to involve the 
activation of protein kinase C (PKC) by PMA since these authors showed that 
inactivating PKC using GF109203X, blocked the effects of PMA on differentiation. 
GF109203X is a selective inhibitor of PKCcc, 01, P11, y, 5 and c which acts by 
competetive inhibition of ATP binding (Toullec et aL, 1991). 
3.2.2 Retinoids 
Retinoids such as all trans-retinoic acid can inhibit differentiation in keratinocytes 
(Monzon et aL, 1996; Gibbs et aL, 1996) although they have the opposite effect on some 
other cell types (Rodrigues et aL, 1985; Jetten et aL, 1979). Retinoids are present in 
normal human epidermis where they are likely to play a role in the regulation of 
epidermal proliferation and differentiation (Vahlquist, 1982). There are also a number 
of receptors for retinoic acid in the epidennis and the specific receptors present in a cell 
change during the differentiation process, suggesting that keratinocytes can respond 
differently to retinoic acid depending on their state of differentiation (Reichrath et 
aL, 1995; Eller et aL, 1994; Elder et aL, 1992; Vollberg et aL, 1992). Retinoic acid can 
induce changes in transcription when complexed with its receptor and has been shown 
to suppress the promoters of keratins K3, K5, K 10, K 14 and K 16 via its nuclear receptor 
(Blumenberg et aL, 1992). 
3.2.3 Dihydroxyvitamin D3 
Vitamin D3 is synthesised in the skin in response to ultraviolet light (Takada et 
aL, 1979) and is then metabolised to the active form, 1,25-dihydroxyvitainin D3 or 
calcitrol, which affects keratinocyte growth and differentiation in vitro. Low, 
physiological concentrations of less than 10'9 M enhance proliferation whereas 
concentrations higher than 10-8 M cause cell-cycle arrest and enhance differentiation in 
response to stimuli such as Ca++ (section 3.2.6) (Itin et aL, 1994). In addition, it has 
been shown that 1,25-dihydroxyvitamin D3 inhibits the proliferation of undifferentiated 
keratinocytes whilst stimulating the proliferation of differentiated cells in vitro 
(Gniadecki, 1996). 
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In keratinocytes, vitamin D3 receptor expression changes according to the 
differentiation status of the cells in vitro, with more receptor expressed in the less 
differentiated cells (Pillai et aL, 1988a). The mechanism of action of 1,25- 
dihydroxyvitamin D3 may be similar to that of retinoic acid since the nuclear receptors 
for 1,25-dihydroxyvitamin D3 and retinoic acid recognise the same DNA regulatory 
elements (Schule et aL, 1990), although it is not thought to affect keratin expression 
directly (Tomic et aL, 1992). 
3.2.4 Growth in suspension 
The induction of keratinocyte differentiation in vitro by depriving the cells of cell- 
substratum contact was one of the first model systems used to study differentiation 
(Green, 1977). This technique involves suspending the cells in methyl-cellulose, 
preventing the formation of both cell-cell and cell-matrix contacts and induces many 
aspects of differentiation including loss of integrin function, cell-cycle withdrawal and 
involucrin expression (Nicholson and Watt, 1991; Adams and Watt, 1990; Watt et al., 
1988). This induction of differentiation is a consequence of the lack of integrin- 
mediated attachment since the presence of soluble fibronectin in the methyl-cellulose 
inhibits differentiation (Adams and Watt, 1989). 
The relevance of this model system to in vivo differentiation is unclear. Although 
keratinocytes would not normally be totally isolated from their surroundings in this way, 
the severing of integrin-mediated contacts with the basement membrane is an early 
feature of the differentiation process (section 2.1). However, it also possible that 
suspension in methyl-cellulose induces 'anoikis' (cell death in an inappropriate 
environment, section 2.1), of which partial differentiation could be a consequence. In 
addition, the observation that continued occupation of the fibronectin receptor blocks 
the induction of differentiation, possibly by providing a survival signal, may not be 
applicable to keratinocytes in vivo which only express the integrin oc5p, fibronectin 
receptor in areas of wound healing (Cavani et aL, 1993; Hertle et aL, 1992). However 
Watt et aL, (1993) showed that a combination of collagen IV and laminin in the 
presence of a suboptimal fibronectin concentration was also sufficient to inhibit 
suspension-induced differentiation in vitro. 
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3.2.5 Cell shape 
Keratinocytes in suspension culture assume a different morphology from adherent cells 
and this could contribute to the induction of differentiation. Also, some of the 
treatments which induce differentiation in vitro, e. g. Ce+ (section 1.7.2) cause changes 
in cell shape. Thus, cell shape may play a role in modulating keratinocyte 
differentiation. A study which sought to answer this question used small adhesive 
islands surrounded by a non-adhesive surface to regulate the shape of adherent 
keratinocytes (Watt et aL, 1988). This approach showed that decreasing the area of cell- 
substratum contact increased the probability of cell-cycle arrest and differentiation. 
However, it is difficult to separate the effects of altered cell shape from cell-matrix 
contact area with such a method and it is possible that the effects observed were due to 
the reduction of integrin-matrix contacts below a critical threshold, analagous, to the 
situation in methyl-cellulose suspension cultures. The effects of cell shape on 
commitment to differentiation in the basal layer are difficult to determine since most 
cells in the basal layer are similarly columnar in shape. 
3.2.6 High extracellular calcium 
It is well established that extracellular calcium ions (Ca++) can modulate keratinocyte 
differentiation. This is especially true for the serum-free culture system in which the 
Ca' concentration is more easily controlled than in the Rheinwald and Green serum- 
containing culture system (Boyce and Ham, 1983). Low extracellular Ca++ 
concentrations (less than O. ImM) inhibit differentiation whereas higher Caý+ 
concentrations (greater than 0.3mM) stimulate differentiation (Pillai et al., 1988b). 
A. Induction of differentiation by calcium 
High extracellular Caý+ induces the production of a number of changes characteristic of 
differentiation, including the expression of, filaggrin (Dale et aL, 1983), involucrin and 
keratinocyte transglutaminase (Pillai et aL, 1988b). In fact, exposing keratinocytes to 
high extracellular Ca' for a period longer than 24 hours is sufficient not only to induce 
the expression of selected differentiation-specific proteins but also to increase the 
number of cells that are competent to assemble cornified envelopes (Pillai et aL, 1988a). 
This observation suggests that high extracellular CP must induce a sufficient range of 
envelope components to enable envelope assembly to take place. 
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B. Modulation of cell adhesion by Ca++ 
In low extracellular Ca++ cell-cell adhesion is suppressed and the keratinocytes have a 
scattered distribution on the substrate, interacting with one another only weakly. 
Conversely, in high extracellular Ca', the cells grow in tightly packed, stratified 
'islands', similar to those seen in Rheinwald and Green cultures (which have an 
extracellular CP concentration of 1.8mM), surrounded by areas of substratum that are 
often devoid of cells (Pillai et aL, 1988b). These groups of keratinocytes partially 
recreate the structural organisation of the epidermis in that the most differentiated cells 
are furthest from the substrate in the upper layers of the aggregate. These changes in 
distribution correlate with changes in the subcellular distribution of the cadherins 
(Lewis et aL, 1994b), integrins (Symington et aL, 1993) and desmosomal components 
(Watt, 1984) (sections 2.2.2,2.1 and 2.2.1). It has been shown that it is the cadherins 
which mediate the initial Ce+-induced adhesion and stratification and that they are 
required for the subsequent assembly of desmosomes (Amagai et aL, 1995; Lewis et 
aL, 1994b; Wheelock and Jensen, 1992). In high Ca++, the keratin cytoskeleton 
rearranges to interact with these newly formed desmosomes (e. g., Amagai et aL, 1995). 
A direct consequence of the formation of cadherin-mediated ccll-cell adhesions is the 
perturbation of the cell-surface integrins on involucrin-positive cells which intially lose 
function and are then internalised (Hodivala and Watt, 1994), contributing to the 
distinctive spatial organisation that is seen in high extracellular Ca++. 
C. Effects of Ca++ on proliferation 
There are conflicting reports on the effects of high extracellular Caý+ on keratinocyte 
cell-cycle progression (section 3.3) in vitro. Some authors have reported that there is no 
significant effect on proliferation (Poumay and Pittelkow, 1995), other reports showed 
that proliferation is inhibited by high extracellular Ca' (Pillai et aL, 1988a; Hawley- 
Nelson et aL, 1980) whilst others showed that proliferation was promoted by high 
extracellular concentrations (Al-Ani et aL, 1988; Boyce and Ham, 1983). 
D. Mechanisms of Ca++ action 
To date, a clear consensus on the way in which high extracellular CP induces 
aspects of differentiation has not been reached. A potential mechanism for the action of 
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high extracellular Ce+ is the modulation of intracellular Ca++ levels. Shifting to high 
extracellular Ca++ causes the intracellular CP concentration of murine keratinocytes to 
increase (Hennings et aL, 1989); furthermore, supressing this increase with intracellular 
CP-chelating agents abrogates the effect of high extracellular CP on differentiation 
(Li et al., 1995). These data strongly suggest that the intracellular CP concentration 
has a profound influence on the behaviour of murine keratinocytes; however, the 
situation in human keratinocytes is less clear. The intracellular CP concentration in 
human keratinocytes does increase by a small amount in response to elevated 
extracellular Ca++ although the functional significance, if any, of this change has yet to 
be elucidated (Watt et al., 1991). Keratinocytes may sense the extracellular Ca++ 
concentration through the extracellular divalent cation receptor which was identified in 
murine keratinocytes (Filvaroff et al., 1994) which is believed to trigger the rise in 
intracellular Ca' when the extracellular CP concentration is raised (Bikle et al., 1996). 
Additionally, the changes in cell-cell and cell-substratum adhesion that are induced by 
high extracellular Ca++ could also play a role in the induction of differentiation. The 
forrnation of new adhesions, or the breaking of existing adhesions could trigger 
signalling events that modulate differentiation. The importance of Ca++ with respect to 
differentiation in the skin is unknown. A Ca++ concentration gradient exists in the skin, 
with a relatively low concentration in the basal layer, increasing to a maximal 
concentration in the granular layer (Menon et al., 1985) but the role this plays has yet to 
be determined. 
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CHAPTER 4 
MATERIALS 
Suppliers are listed alphabetically in each section and UK importers details are given in 
parentheses where appropriate. 
4.1 HUMAN TISSUE 
Supplier: The Royal Hospitalfor Sick Children, Yorkhill, Glasgow. 
Freshly excised human foreskin tissue. 
4.2 CELL CULTURE REAGENTS 
Supplier: Advanced Protein Products, Brierley Hill, UK. 
Foetal calf serum 
Supplier: Bealson Institute Central Services 
Sterile dH20 
Sterile PBS (Dulbecco 'A') 
Sterile PBS/lmM EDTA 
Penicillin solution (10,000 units/ml) 
Streptomycin solution (10mg/ml) 
Supplier: Clonetics Corporation (TCS Biologicals, Botolph Claydon, UK. ). 
Serum-free, calcium-free keratinocyte basal medium (KBM) 
Keratinocyte growth medium (KGM) SingleQuot kit: 
2ml bovine pituitary extract, 7.5mg/ml 
0.5ml human epidermal growth factor, 0.1 ptg/ml 
0.5ml insulin, 5mg/mI 
0.5ml hydrocortisone, 0.5mg/ml 
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0.5ml GA-1000 (gentamicin/amphotericin, 50mg/mI and 50pg/ml) 
2ml calcium chloride solution, 300mM 
Supplier: Gibco, Europe Life Technologies Ltd., Paisley, UK. 
I Ox Dulbeccos MEM concentrate 
7.5% (w/v) sodium bicarbonate 
1 OOmM sodium pyruvate 
200mM L-glutarnine 
2.5% trypsin solution 
Supplier: Sigma Chemical Co., Poole, UK. 
Type 11-T trypsin inhibitor (from turkey egg white) 
histidine 
isoleucine (allo-free) 
methionine 
phenylalanine 
tryptophan 
tyrosine 
Supplier: Worthington Biochemical Corp. (Lorne Laboratories Ltd., Reading, 
UK. ). 
2x trypsin (1yophilised) 
4.3 CELL CULTURE PLASTICWARE 
Supplier: AIS Nunc (TCS Limited, Botolph Claydon, UK. ). 
Nunc Delta tissue culture flasks 
Nunc chamber slides 
Nunc cryotubes 
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Supplier: Beckton Dickinson Labware, Plymouth, UK. 
Falcon tissue culture dishes 
Supplier: Costar Corp., Cambridge, MA, USA. 
96-well tissue culture plates 
Cell scrapers 
4.4 INHIBITORS, PEPTIDES AND IONOPHORES 
Supplier: Affiniti Research Products, Mamhead Castle, UK. 
Synthetic decapeptides, >95% purity: 
LRAHAVDVNG-amide 
VIPPINLPEN-amide 
Supplier: Calbiochem, Nottingham, UK. 
lonomycin (free acid) from Streptomyces conglobatus 
Supplier: Alan I Kraker at Parke-Davis Pharmaceuticals, Ann Arhor, MI, USA. 
PD 1625 31 Src-family kinase inhibitor 
Supplier: Sigma Chemical Co., Poole, UK. 
Cytochalasin D 
Nocodazole 
4.5 CELL VIABILITY ASSAYS 
Supplier: Promega, Southmpton, UK. 
CeIlTiter 96 non-radioactive cell proliferation assay 
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4.6 ANTISERA AND ASSOCIATED MATERIALS 
Supplier: Amersham International, Little Chalfont, UK. 
Sheep anti-mouse/horseradish peroxidase conjugate 
Donkey anti-rabbit/horseradish peroxidase conjugate 
Supplier: Amicon Inc., Stonehouse, UK. 
Centricon-10 concentrators 
Supplier: Beckton Dickinson Labware, Plymouth, UK. 
pI -integrin antiserum, rat monoclonal (mAb 13) 
Supplier: Biomedical Technologies Inc. (Biogenesis Ltd, Poole, UK. ). 
Human filaggrin antiserum, mouse monoclonal IgGI (BT-576) 
Human transglutarninase antiserum, mouse monoclonal B. CI (BT-62 1) 
Supplier: Calbiochem, Nottingham, UK. 
c-Src antiserum, mouse monoclonal IgGI (mAb 327) 
Supplier: Jackson ImmunoResearch, Luton, UK. 
FITC labelled sheep anti-mouse IgG 
Supplier: Santa Cruz Biotechnology Inc. (Autogen Bioclear UKLtd., Calne, 
UK. ). 
Fyn antiserum, rabbit polyclonal IgG (Fyn(3)) 
Supplier: Sigma Chemical Co., Poole, UK. 
Actin antiserum, mouse monoclonal (AC-40) 
E-cadherin antiserum, rat monoclonal DECMA- I 
p-catenin antiserum, rabbit polyclonal 
Involucrin antiserum, mouse monoclonal IgGI (SY5) 
a-tubulin antiserum, mouse monoclonal IgG I (DM I A) 
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Rabbit anti-rat/horseradish pcroxidase conjugate 
FITC labelled goat anti-rat IgG (affinity isolated) 
FITC labelled goat anti-rabbit (IgG fraction) 
FITC labelled goat anti-rat IgG 
Normal mouse IgG 
Rabbit anti-mouse IgG 
Protein A-sepharose beads 
Supplier: Transduction Laboratories (Affiniti Research Products Ltd., 
Mamhead, UK. ). 
E-cadherin antiserum, mouse monoclonal IgG2a (Clone #36) 
P-cadherin antiserum, mouse monoclonal IgGI (Clone #56) 
p120"" antiserum, mouse monoclonal IgGI (Clone #98) 
Phosphotyrosine antiserum, mouse monoclonal IgG2b (PY20) 
c-Yes antisennn, mouse monoclonal IgG I (Clone# 1) 
Supplier: Vector Laboratories, Peterborough, UK. 
Fluorescein labelled PNA (peanut agglutinin) from Arachis hypogaea 
4.7 FLOW CYTOMETRY REAGENTS 
Supplier: Boehringer Mannheim, Lewes, UK. 
RNAse A 
Supplier: Cadisch and Sons, Finchley, UK. 
Nylon mesh (70ptm pore size) 
Supplier: Sigma Chemical Co., Poole, UK. 
Propidium iodide 
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4.8 PROTEIN ELECTROPHORESTS AND IMMUNOBLOTTING 
Supplier: Amersham, Little Chay'ont, UK. 
High molecular weight rainbow markers (14.4kDa to 220kDa) 
Supplier: BDH Laboratoty Supplies, Poole, UK. 
Ammonium peroxodisulphate (APS) 
Supplier: Beatson Institute Workshop. 
Semi-dry blotting apparatus 
Supplier: Genetic Research Instrumentation, Dunmow, UK. 
Atto protein electrophoresis apparatus 
Supplier: Pierce (Life Science Laboratories Ltd., UK. ) 
Micro BCA (Bicinchoninic acid) protein assay kit 
Supplier: Schleicher and Schuell, London, UK. 
Protran. BA85 nitrocellulose membrane 
Supplier: Severn Biotech Ltd., Kidderminster, UK. 
Design-a-Gel 30% (w/v) acrylamide, 0.8% (w/v) bisacrylamide solution 
Supplier: Sigma Chemical Co., Poole, UK. 
TEMED (N, N, N', N-Tetramethylethylenedi=ine) 
0.1% (w/v) Ponceau S solution in 5% acetic acid 
Bovine serum albumin (BSA), fraction V 
Supplier: Technical Photo System, Cumbernauld, UK. 
Fuji RX X-ray film 
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Supplier: Unipath, Basingstoke, UK. 
'Oxoid' phosphate buffered saline tablets (Dulbecco 'A') 
Supplier: Whatman, Maidstone, UK 
3MM filter paper 
4.9 TYROSINE KINASE ASSAY REAGENTS 
Supplier: Amersham, Little Chalfont, UK. 
[7_32 P]ATP, redivue, 300OCi/mmol 
Supplier: Beckman Instruments Inc., High Wycombe, UK. 
Liquid scintillation counter, model LS 60001C 
Supplier: National Diagnostics (B. S. & S. (Scotland) Ltd., Edinburgh, UK. ). 
Ecoscint aqueous scintillant 
Supplier: Packard Instruments A V., Groningen, The Netherlands. 
Scintillation vials 
Supplier: Sigma Chemical Co., Poole, UK. 
ATP (Adenosine 5'-trisphosphate) 
poly(Glu, Tyr) (4: 1) synthetic peptide 
Supplier: Whatman, Maidstone, UK. 
p8l chromatography paper 
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4.10 IMMUNOFLUORESCENCE AND IMMUNOPEROXIDASE STAINING MATERIALS 
Supplier: Sigma Chemical Co., Poole, UK. 
3,3'-diaminobenzidine tetrahydrochloride (I Omg) tablets (DAB) 
Supplier: Vector Laboratories Ltd., Peterborough, UK. 
Vectashield mounting medium for immunofluorescence 
Vectastain ABC staining kit (mouse peroxidase) 
4.11 STOCK SOLUTIONS AND BUFFERS 
4.11.1 Cell culture solutions 
Keratinocyte growth medium (KGM) 
Clonetics serum-free, calcium-free keratinocyte basal medium, supplemented as 
follows: 
30pg/ml bovine pituitary extract 
I Ong/ml human epidermal growth factor (recombinant) 
0.5pg/ml hydrocortisone 
5pg/ml insulin 
50ng/ml amphotericin-B 
50ptg/ml gentamicin 
0.03mM (LKGM) or LOOmM (HKGM) CaC12 
Amino-acid enriched keratinocyte growth medium 
As for normal KGM with the addition of the following supplements: 
50.300mg/l histidine 
5.904mg/l isoleucine 
13.428mg/l methionine 
14.868mg/l phenylalanine 
9.180mg/l tryptophan 
8.104mg/l tyrosine 
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The addition of these supplements increased the concentration of the amino acids by a 
factor of 4. 
10C cell culture medium 
1x DMEM supplemented as follows: 
10% (v/v) foetal calf serum 
0.225% (w/v) sodium bicarbonate 
I mM sodium pyruvate 
2mM L-glutamine 
50 units/ml penicillin 
10[tg/ml streptomycin 
Trypsin solution for routine passaging 
0.25% Gibco trypsin in sterile PBS/lmM EDTA 
Trypsin inhibitor solution 
2.5mg/ml type II-T trypsin inhibitor and lmg/ml BSA in sterile PBS 
4.11.2 Protein extraction and processin 
CSK lysis buffer 
I OmM PIPES, pH 6.8 
SOmM NaCl 
3mM M9CI2 
300mM sucrose 
0.5% (v/v) Triton X- 100 
I OmM sodium pyrophosphate 
2mM phenylmethylsulphonyl fluoride 
100ptM sodium orthovanadate 
0.1% (v/v) aprotinin 
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RIPA buffer 
5OmM Tris/HCI, pH 7.6 
150mM NaCl 
I% Triton X- 100 
0.5% deoxycholate 
0.1 % sodium dodecyl sulphate (SDS) 
2mM EGTA 
I OmM sodium pyrophosphate 
2mM phenylmethylsulphonyl fluoride 
I 00pM sodium orthovanadate 
0.1% (v/v) aprotinin 
3x sample buffer 
l5OmM Tris/HCI, pH 6.7 
6% (w/v) SDS 
30% (v/v) glycerol 
15% (v/v) 2-mercaptoethanol 
brornophenol blue to colour 
SDS-PAGE stacking gel buffer 
0.5M Tris/HCI, pH 6.7 
0.4% (w/v) SDS 
Stacking gel: 
4. OmI 30% acrylamide/0.8% bisacrylamide solution 
6. Oml stacking gel buffer 
14. Oml dH20 
250pl 10% APS solution 
20ýd TEMED 
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SDS-PAGE resolving gel buffer 
1.5M Tris/fICI, pH 8.9 
0.4% (w/v) SDS 
Resolving gel (for a 7.5% gel): 
9. Oml 30% acrylamide/0.8% bisacrylamide solution 
9. Oml resolving gel buffer 
18. Oml dH20 
250pl 10% APS solution 
20gl TEMED 
Protein electrophoresis tank buffer (10x concentrate) 
IM Tris 
IM glycine 
2% (w/v) SDS 
Semi-dry transfer buffer for immunoblotting 
48mM Tris 
39mM glycine 
0.037 % (w/v) SDS 
20% methanol 
Immunoblot wash buffer 
0.2% Tween 20 in PBS 
Immunoblot stripping buffer 
0.2M glycine 
1% (w/v) SDS 
pH adjusted to 2.5 with hydrochloric acid 
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Tyrosine kinase assay buffer 
100mM PIPES, pH 6.8 
20mM MnC12 
10ýM sodium orthovanadate 
4.11.3 Immunofluorescence and immunoperoxidase cell stainin 
Immunofluoreseence buffer (KRH) 
25mM HEPES, pH 7.4 
120mM NaCl 
6mM KCI 
1.2mM M902 
ImM CaC12 
0.05% (v/v) Tween 80 
Immunoperoxidase buffer (high salt PBS) 
PBS supplemented with 150mM NaCl 
pH adjusted to 7.6 with NaOH 
Immunoperoxidase substrate solution 
16.7ml PBS 
I DAB tablet 
1 Oýtl hydrogen peroxide (3 0% solution) 
Immmunoperoxidase cover-slip mounting solution 
50% (v/v) glycerol in PBS 
0.025% (w/v) sodium azide 
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CHAPTER 5 
METHODS 
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5.1 CELL CULTURE 
5.1.1 Preparation of keratinocytes from human tissue 
Freshly excised human foreskin tissue was stored at 4"C in I OC medium (4.11.1) before 
isolating keratinocytes as follows: 
Firstly, the tissue was rinsed with PBS and was then cut into narrow strips using a 
scalpel. These strips of tissue were incubated in 0.125% (w/v) Worthington trypsin 
solution in PBS (100ml per specimen) at 40C overnight. The following day, the 
epidermis was scraped off the underlying tissue using a scalpel and the resulting 
epidermal fragments were pipetted gently in ice-cold IOC medium to disaggregate the 
cells and neutralise the trypsin. The cells were then pelleted by centrifugation (I OOOrprn 
for 5 minutes) and washed twice with ice-cold low Ca++ KGM before plating in low 
Ca++ KGM at an initial density of 5X 103 cells/cm2 in 9cm culture dishes. These cultures 
were then maintained in a humid 370C/5% C02 incubator. 
5.1.2 Routine keratinocvte propagation 
Adherent keratinocytes were routinely grown on tissue culture treated dishes or flasks 
(section 4.3) using low Ca' KGM with twice-weekly medium changes and were never 
grown to confluence. These cells were maintained in a humid 37*C/5% C02 incubator 
and all experiments were performed using cultures between passages I and 4. Adherent 
keratinocytes were removed from the culture susbtrate (for example, when subculturing) 
as follows: 
Firstly, the medium was aspirated off the cells and the monolayer was rinsed with I mM 
EDTA in PBS to disrupt cell-cell adhesion and to remove any dead cells. The cells were 
then incubated in trypsin solution (section 4.11.1) at 37"C with occasional gentle 
agitation until the cells had detached. Trypsin inhibitor solution (section 4.12.1) was 
then added (twice the volume of trypsin solution) and the cell suspension was pipetted 
gently to disaggregate the cells. The cells were then pelleted and washed with fresh low 
Caý+ KGM, resuspended in low Caý+ KGM, counted and plated at a density of 5x 103 
cells/cm 2. 
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5.1.3 Keratinocyte crvop reservation and recovery 
Cryopreserved human keratinocyte stocks were prepared from freshly isolated 
keratinocytes as follows: 
Keratinocytes prepared from human tissue were allowed to proliferate in low Ce+ 
KGM until they reached 70-80% confluence. They were then trypsinised to remove 
them from the culture susbstrate but instead of using trypsin inhibitor as described in 
section 5.1.2, the trypsin was neutralised with serum-containing IOC medium (section 
4.11.1). The cells were then rinsed with I OC medium and counted before resuspending 
in freezing medium (I OC + 10% DMSO) at IX 106 cells/ml. This cell suspension was 
transferred into cryotubes (Iml per vial) which were then wrapped in cotton wool and 
placed in a -701C freezer overnight. The following day the cryotubes were immersed in 
liquid nitrogen for long-term storage. 
For recovery from storage in liquid nitrogen, cryotubes were rapidly immersed in a 
large volume of water at approximately 3711C to thaw the cells. The cell suspension was 
then immediately made up to a volume of I Oml with low Ca++ KGM and the cells were 
pelleted, rinsed with KGM and then resuspended in low Ca++ KGM before plating at an 
initial density of IX 106 cells per 9cm dish. 
5.2 CELL VIABILITY ASSAYS 
Cell viability assays, to determine the cytotoxicity of the Src-family kinase inhbitor 
PD162531 (section 4.4) were performed on adherent keratinocytes growing in 96-well 
microtitre plates using the Promega CeIlTiter kit. The cells were grown in low Ca' 
KGM from an initial density of 3x 103 cells per well and were then incubated in low 
Ca++ KGM containing either PD162531 at concentrations between 0.2 and 20ýM, or 
DMSO (the vehicle for PD162531) at concentrations between 0.002% and 0.2% in a 
total volume of 100ýd per well. All conditions were replicated in triplicate. After 4 
days incubation, with daily replacement of medium and Src inhibitor or DMSO, 15ýd of 
dye solution (CellTiter kit) was added to each well and the plate was returned to a 
370C/5% C02 incubator for 4 hours. At the end of this incubation, 100ýd of 
solubilisation/stop solution was added to each well and the plate was then sealed and 
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incubated at room temperature overnight. The following day, the absorbance of each 
well at 570mn was measured using a plate reader (Molecular Dynamics Emax). 
5.3 FLOW CYTOM ETRY 
The cell cycle profiles of subconfluent adherent keratinocytes grown in either low CP 
KGM or high CP KGM for up to 4 days were determined by flow cytometric analysis 
of propidium. iodide stained cells. Keratinocytes were grown in 75cm2 flasks in a 
37*C/5% C02 incubator with daily medium replacement to ensure optimal growth 
conditions and flasks were shifted to ImM Ca+ at daily intervals to give different 
incubation times in high extracellular Ca++. The medium was aspirated from the flasks 
which were then rinsed with wann I mM EDTA in PBS to disrupt cell-cell adhesion and 
to remove detached cells. The adherent cells were incubated in 0.25% trypsin solution 
(4.11.1) for 5 minutes at 37*C and the trypsin was then inhibited by the addition of 10% 
FCS in PBS. After pipetting gently to disaggregate the cells, they were pelleted and 
washed with 10ml ice-cold PBS, pelleted again and resuspended in Iml ice-cold PBS. 
The cells were then fixed by adding 9ml of 70% ethanol (v/v) whilst mixing gently 
followed by incubation on ice for I hour. Once fixed, the cells were pelleted and after 
aspirating the ethanol, resuspended in 2. Oml PBS containing 25OAg/ml pre-boiled 
RNAse A, l0gg/nil propidium. iodide and 0.2% (w/v) Tween 20. The cells were then 
incubated at room temperature for 30 minutes before straining through a nylon mesh 
(70gm pore size) and analysing (Beckton Dickinson FACScan). 
5.4 PREPARATION OF PROTEIN EXTRACTS FROM ADHERENT KERATINOCYTES 
Adherent keratinocytes were lysed in RIPA or CSK buffer (section 4.11.2) to extract 
cellular proteins as follows: 
The flasks or dishes were transferred directly from the 37"C incubator onto ice 
and were rinsed twice with ice-cold PBS. The culture vessels were then inclined and 
allowed to drain for 10 minutes to minimise the amount of residual PBS on the cells. 
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Ice-cold lysis buffer was then pipetted onto the cells (Iml per 9cm plate) which were 
allowed to lyse for 10 minutes on ice. At the end of this time, the cells were scraped off 
the tissue culture plastic using a disposable cell scraper and the resulting suspension was 
transferred into microcentrifuge tubes. The lysates were then cleared of insoluble cell 
debris by centrifugation at 14,000g at 4"C for 15 minutes. The total protein 
concentration of the lysates was estimated using the BCA protein assay kit according to 
the manufacturers directions. The aborbance of the samples was then measured at 
562nm using a Beckman DU 650 spectrophotometer. Experimental values were 
compared to a standard curve (obtained using BSA) and the total protein concentration 
in each sample calculated. 
5.5 PREPARATION OF FRACTIONATED LYSATES FROM ADHERENT KERATINOCYTES 
RITON-SOLUBLE AND INSOLUBLE PROTEINS 
For some experiments, lysates were prepared by a 2-stage process using a buffer 
containing only non-ionic detergent first (CSK buffer, section 4.11.2) followed by SDS- 
containing RIPA buffer. The cells were initially treated as described in section 5.4, 
using CSK buffer. After the lysates had been cleared by centrifugation, the insoluble 
pellets were resuspended in RIPA buffer and sonicated (MSE soniprep 150) briefly on 
ice to disaggregate the material. The resulting suspension was then centrifuged as 
described in section 5.4 to pellet the SDS-insoluble material which was subsequently 
discarded. Thus, the supernatant from the first centrifugation contained the Triton- 
soluble proteins (TXs) and the supernatant from the second centrifugation contained the 
Triton-insoluble (but SDS-soluble) proteins (M). 
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5.6 PROTEIN ELECTROPHORESIS 
Lysates prepared in either CSK or RIPA buffer as described in sections 5.4 and 5.5 were 
standardised for total protein content before adding 3x sample buffer (2 parts lysate to I 
part buffer, section 4.11.1). The lysates were then boiled for 5 minutes and allowed to 
cool before loading onto SDS-polyacrylamide gels for electrophoresis. 
Protein samples were separated on discontinuous 2mm, SDS-polyacrylamide gels 
comprising a short stacking gel for the initial stage of the electrophoresis and a longer 
resolving gel to separate the proteins. The resolving gels contained either 7.5% 
acrylamide where the protein of interest was larger than 60kDa, or 10% acrylamide for 
the smaller proteins. The detailed composition of these gels is given in section 4.11.2. 
Gels were typically loaded with 20-100ýtg total protein per lane and were run at either 
180V for 3-4 hours or 30V overnight under constant-voltage conditions until the dye- 
front had reached the bottom of the gel. All gels were run with molecular weight 
markers (section 4.8) 
5.7 IMMUNOBLOTTING 
5.7.1 Transferring proteins onto nitrocellulose 
After electophoresis, proteins were transferred onto nitrocellulose membrane by 
electrophoretic semi-dry blotting essentially as described in Harlow and Lane, 1988. 
Briefly, the SDS-PAGE gel, nitrocellulose membrane and 12 pieces of 3MM paper were 
soaked in transfer buffer (section 4.11.2) for 10 minutes and were then arranged 
between the blotter electrodes with 6 sheets of 3MM paper on either side of the 
gel/membrane sandwich oriented with the membrane on the cathode side of the gel. 
After gently excluding air bubbles from the paper/gel/membrane stack, the proteins were 
transferred for I hour at a maximum current of 200mA and a maximum voltage of 20V 
for a gel of 140cm 2. 
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5.7.2 Antibody incubations and detection by ECL 
Following the transfer, the nitrocellulose membrane was stained briefly in Ponceau S 
solution (section 4.8) then destained in wash buffer (section 4.11.2) to check for even 
transfer of proteins. Blots were then blocked in the appropriate blocking solution (either 
6% (w/v) non-fat milk or 3% (w/v) BSA in wash buffer) for I hour at room temperature 
on a rotary shaker. After blocking, the blots were probed with primary antibody diluted 
in blocking solution for either I hour at room temperature or overnight at 4*C. The 
primary antibodies, dilutions and blocking solutions are summarised in table 1. 
After incubation in primary antibody, the blots were washed 3 times in wash 
buffer (15 minutes per wash) and were then incubated in horseradish peroxidase 
conjugated secondary antibody for I hour at room temperature. Secondary antibodies 
are surnmarised in table 2. After washing as descibed above, the blots were drained and 
incubated in fresh ECL reagent for I minute with gentle agitation and were then 
wrapped in Saran-Wrap. The blots were placed in contact with X-ray film for a period 
of time sufficient to detect the light produced by the ECL reaction and the film was then 
processed in a Kodak automated processor. 
5.7.3 Strippina immunoblots to remove bound antisera 
Nitrocellulose blots which had been previously incubated in antisera were treated as 
follows to remove these bound antibodies prior to incubation with a different antiserum. 
The blot was firstly washed with immunoblot wash buffer (4.11.2) to remove spent ECL 
reagent and was then incubated in immunoblot stripping buffer (4.11.2) for 30 minutes 
at room temperature on a gyratory shaker. At the end of this incubation, the blot was 
washed again and then blocked and incubated with the desired antibodies as described 
in section 5.7.2. 
5.8 IMMUNOPRECIPITATION OF EXTRACTED PROTEINS 
Lysates prepared in RIPA or CSK buffer (4.11.2) were standardised for total protein 
content (0.25-1. Omg) before preclearing with either 0.5[tg normal mouse IgG or normal 
rabbit serum depending on the species of origin of the immunoprecipitating antiserum, 
for I hour at 4"C. The IgG complexes were then collected by incubating for 1 hour at 
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Table I 
Primary antiscra used for immunoblotting 
Protein Antibody name Species/type Dilution Blocking 
recognised solution 
E-cadherin Clone #36 mouse 1: 2000 milk 
monoclonal 
P-cadherin Clone #56 mouse 1: 500 BSA 
monoclonal 
O-catenin rabbit polyclonal 1: 2000 milk 
-integrin mAb 13 rat monoclonal 1: 1000 BSA 
c-Src mAb 327 mouse 1: 1000 BSA 
monoclonal 
Fyn Fyn (3) rabbit polyclonal 1: 500 BSA 
c-Yes Clone #1 mouse 1: 1000 milk 
monoclonal 
p120" Clone #98 mouse 1: 1000 milk 
monoclonal 
Involucrin SY5 mouse 1: 1500 milk 
monoclonal 
Phosphotyrosine PY20 mouse 1: 1000 BSA 
monoclonal 
K14 LLOOl mouse 1: 1000 BSA 
monoclonal 
cc-Tubulin I DMIA mouse 1: 10000 BSA 
monoclonal 
LLOO I was a generous gift from Professor E. B. Lane, University of Dundee. 
Table 2 
Secondary antisera. used for immunoblotting 
Antibody recognised Species Dilution 
mouse IgG sheep 1: 3000 
rabbit IgG donkey 1: 5000 
rat IgG rabbit 1 1: 5000 
VC with 50gl of a 50% slurry of protein-A sepharose beads (coated with rabbit anti- 
mouse IgG for normal mouse IgG or left uncoated for rabbit serum). The 
immunoprecipitating IgG (typically 0.5gg) was added to the precleared lysate which was 
then was incubated overnight at 4"C before collecting the IgG complexes with coated or 
uncoated protein-A sepharose beads as described above. The collected immune 
complexes were washed 5 times in RIPA lysis buffer before resuspending in 20gl of 3x 
sample buffer prior to electrophoresis and blotting as detailed in sections 5.6 and 5.7. 
5.9 IN VITRO TYROSINE KINASE ASSAYS 
Assays to determine the kinase activity of c-Src extracted from keratinocytes grown 
under different conditions were performed using a synthetic poly(Glu, Tyr) peptide as an 
exogenous substrate. Adherent keratinocytes were lysed in CSK buffer and the lysates 
were cleared of insoluble debris by centrifugation at 14,000g at 41C for 15 minutes prior 
to determining the total protein concentration as detailed in section 5.4. c-Src, c-Yes or 
Fyn was then immunoprecipitated from lysate containing 250ýtg total protein (c-Src) or 
lmg total protein (Fyn and c-Yes) as described in section 5.8 using 0.5pg of antiserum 
per sample. The immunoprecipitates were then washed 5 times in 0.5ml CSK buffer 
followed by one wash in kinase buffer (section 4.12.2) and the pellets were then 
resuspended in 25pl kinase buffer for use in the kinase assay. Each 20PI kinase assay 
reaction contained the following: 
2mg/ml substrate peptide 
I pM ATP 
5pCi [7_32 P]ATP (specific activity 300OCi/mmol) 
I Ogl resuspended immunoprecipitate 
1.5[LI kinase buffer 
The reactions were started by adding the resuspended immune complex and were then 
incubated at 30'C for 7.5 minutes before stopping the reaction by the addition of excess 
unlabelled ATP and chilling on ice. The reaction mixtures were then spotted onto p8l 
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paper squares which were subsequently immersed in a large volume of 10% TCA and 
washed 3 times with fresh 10% TCA (5 minutes per wash). The paper squares were 
transferred to scintillation vials to which 5ml of Ecoscint was added and the 
radioactivity present in each vial was measured using a Beckman LS 60001C liquid 
scintillation counter. Control reactions without substrate peptide were also performed. 
5.10 CORNIFIED ENVELOPE COUNTS 
Adherent keratinocytes were trypsinised (section 5.1.2) and were then counted, pelleted 
and resuspended in high CP KGM containing ionomycin at a final concentration of 
10ýM The cells were then incubated at 37*C in sealed tubes gassed with a 5% C02 
mixture for a duration of 4 hours. Control cells were treated with DMSO (the vehicle 
for ionomycin) at a final concentration of 0.01% (w/v) under the same conditions. The 
cells (I x 105 cells/nil) were then boiled for 10 minutes in 5% SDS, 1% 2- 
mercaptoethanol to solublise the cellular proteins, leaving intact envelopes (Sun and 
Green, 1976) which were visualised microscopically and counted using a 
haemacytometer. The proportion of cells that had produced envelopes was then 
calculated. 
5.11 IMMUNOFLUORESCENCE MICROSCOPY 
Keratinocytes were grown on 8-well chamber slides from an initial density of 5x 103 
cells per well in low Ce+ KGM. Where appropriate, some wells were shifted to high 
Ca' KGM for a suitable interval. The cells were then washed with ice-cold PBS and 
fixed on ice for 20 minutes in absolute methanol chilled to -201C. The slides were 
washed twice in KRH buffer (section 4.11.3) before blocking with 10% foetal calf 
serum diluted in KRH buffer (blocking buffer). After blocking, the cells were incubated 
for I hour at room temperature in primary antibody (table 3) diluted in blocking buffer 
and were subsequently washed for 3 periods of 10 minutes in KRH buffer. The cells 
were then incubated in fluorochrome-conjugated secondary antibody (summarised in 
table 4). 
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Table 3 
Primary antisera used for immunofluorescence 
Protein recognised Antibody Dilution 
actin AC-40 1: 100 
c-Sre mAb 327 ascites' 1: 100 
Fyn Fyn(3) 1: 100 
c-Yes Clone #1 1: 100 
E-cadherin Clone #36 1: 250 
E-cadherin DECMA-I 1: 250 
P-cadherin mAb 6A92 1: 25 
p120"' Clone #98 1: 100 
1 -integrin mAb 13 1: 100 
I a-Tubulin I DM IA 1 1: 1000 
1mAb 327 ascites was a generous gift from Dr. S. Simon, Salk Institute. 
2 mAb 6A9 was a generous gift from Dr. M. Wheelock, University of Toledo, Ohio. 
Table 4 
Secondary antisera used for immunofluoresence 
Antibody Dilution 
Anti-rat/FITC conjugate 1: 125 
Anti-rabbit/FITC conjugate 1: 40 
Anti-mouse/]FITC conjugate 1: 100 
diluted in blocking buffer, for I hour at room temperature in a darkened humid box 
before washing again. When nuclei were stained with DAPI, it was added to the final 
wash at a concentration of 0.1[tg/ml. The plastic chambers and sealing gasket were 
removed from the slides and a drop of Vectashield mounting medium was applied to 
each area of cells. A glass coverslip was then placed over the cells and sealed in place 
using clear nail varnish and the slides were viewed using either a Zeiss fluorescence 
microscope or a confocal fluorescence microscope (Model MRC 600, BioRad, Hercules, 
CA). 
5.12 IMMUNOPEROXIDASE STAINING 
Immunoperoxidase staining of adherent keratinocytes was performed using the 
Vectastain kit. Cells were grown on chamber slides and fixed in the same way as for 
immunofluorescence (section 5.11). After fixation, the cells were washed twice with 
immunoperoxidase wash buffer (section 4.12.3) before blocking in 10% goat serum 
diluted in loading buffer (section 4.12.3) for I hour at room temperature in a humid box. 
After blocking, the cells were incubated overnight at 4'C in primary antibody diluted in 
loading buffer. The anti-involucrin and anti-transglutaminase antisera (SY5 and B CI 
respectively) were diluted 1: 1000 whilst the anti-filaggrin antiserum (BT-576) was 
diluted 1: 500. 
After incubating in primary antibody, the cells were washed (3 x 10 minutes) in 
wash buffer and then incubated for I hour at room temperature in the biotinylated 
secondary antibody (anti-mouse) provided with the kit, diluted 1: 200 in loading buffer. 
At the end of the incubation in secondary antibody, the cells were washed as before, 
then incubated in biotinylated peroxidase that had been allowed to complex with avidin 
(I drop of kit reagent A and one drop of reagent B in 5ml of loading buffer). This 
incubation was for I hour at room temperature and was followed by a further 3x 10 
minute washes in wash buffer. The cells were then incubated in substrate solution 
(4.12.3) for 7Y2minutes at room temperature before rinsing thoroughly with tap water. 
Coverslips were then mounted using mounting solution (section 4.11.3) and were sealed 
in place with clear nail varnish. The slides were viewed using a Nikon Diaphot phase- 
contrast microscope. 
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5.13 CELL SURFACE CADHERIN AND INTEGRIN CLUSTERING 
Cells were seeded onto 8-well chamber slides in low Ce+ KGM at an initial density of 
5x 103 cells per well and were subsequently grown for 1-2 days before clustering E- 
cadherin in low Ca++ as follows: 
The cells were firstly chilled by placing the slides on ice for 10 minutes and the 
medium was then replaced with antibody (anti-E-cadherin (DECMA-1) or anti-pi- 
integrin rat mAb, which had been depleted of sodium azide, section 5.15) diluted in ice- 
cold low Ca++ KGM. The antibody dilutions varied between batches but were typically 
1: 10 for DECMA-I and 1: 50 for mAb 13. The cells were incubated in the diluted 
antibody on ice for 30 minutes and were then washed extensively with ice-cold KGM to 
remove unbound antibody. Diluted second antibody (goat anti-rat IgG at the same 
dilution as the first antibody) was then added in ice-cold KGM and the cells were 
immediately returned to a 37*C/5% C02 incubator. Four hours later the cells were 
washed with warm KGM to remove excess second antibody. When the cells were to be 
visualised for clustered cadherin or integrin on the cell surface, they were fixed at this 
stage. However, when the purpose of the experiment was to investigate differentiation- 
specific protein expression, the cells were then incubated in low Caý' KGM (without 
antibodies) for a further 4 days before fixing and staining for the relevant proteins as 
described in section 5.12. 
5.14 REMOVAL OF SODIUM AZIDE FROM COMMERCIAL ANTISERA 
Antisera used for E-cadherin and pi-integin (DECMA-1 and mAbl3 respectively) 
clustering were treated using Centricon-10 concentrators to substantially deplete the 
preparation of sodium azide as follows: 
The surfaces of the concentrator which would contact the antiserum during the 
process were incubated in 1% (w/v) BSA in PBS for 30 minutes at room temperature to 
block any protein binding sites. The concentrator was then rinsed thoroughly with 
sterile PBS and filled with antiserum. (up to 1.5mg) diluted to a total volume of 2ml with 
ice-cold sterile PBS. The concentrators were then centrifuged at 40OOg in a refrigerated 
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centrifuge at VC for 90 minutes using a fixed angle rotor, which was sufficient to 
concentrate the antiserum solution to a volume of approximately 200gl. This was then 
diluted to a total volume of 2ml with sterile PBS and the centrifugation process repeated 
to give 200gl of concentrated antiseruin containing approximately 1% of the original 
sodium azide concentration. 
5.15 CADHERIN BLOCKING 
Keratinocytes were cultured in 8-well chamber slides as described in section 5.13 and 
were treated with synthetic decapeptides to interfere with cadherin function. The 
blocking (LRAHAVDVNG-amide) and control peptides (VIPPINLPEN-amide) were 
identical to those described by Blaschuk et al., (1990) which interfere with the functions 
of both E- and N-cadherin. These peptides were diluted in low Ca++ KGM to give a 
final peptide concentration of 0.2mg/ml and the cells were incubated in these diluted 
peptides for 4 hours at 37"C/5% C02. After this time, CaC12 solution was added to 
some wells giving a final Caý+ concentration of ImM. The cells were incubated in the 
presence of blocking or control peptide in high or low extracellular Ca' for a further 4 
days before fixing and* staining for differentiation-specific proteins as described in 
section 5.13. The medium in all wells containing diluted peptide was replaced daily. 
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CHAPTER6 
KERATINOCYTE BEHAVIOUR IN THE SERUM-FREE SYSTEM 
6.1 PURPOSE 
The original objective of this study was to determine the origin of the Caý+-induced 
signal that induces the keratinocyte differentiation program and to investigate how this 
might utilise the members of the Src family of tyrosine, kinases which are implicated in 
keratinocyte differentiation (Calautti et aL, 1995; Zhao et aL, 1992 and 1993). This 
chapter describes a detailed characterisation of the responses of keratinocytes prepared 
and maintained in the serum-free system to changes in the extracellular Ca++ 
concentration. I chose a low extracellular Caý+ concentration of 0.03mM for routine 
keratinocyte propagation as this is the lowest concentration at which keratinocytes can 
be maintained (Boyce and Ham, 1983). A high extracellular CP concentration of 
ImM was chosen to induce differentiation as this is the concentration routinely used by 
other investigators. 
6.2 CALCIUM INDUCES THE EXPRESSION OF DIFFERENTIATION-SPECIFIC PROTEINS 
6.2.1 Calcium induces involucrin. transdutarninase and filaegrin exT)ression 
A. Immunoperoxidase staining 
In order to investigate the expression of differentiation-specific proteins, early passage 
keratinocytes were grown on 8-well chamber slides in 0.03mM Ca++ (LKGM). Twenty- 
four hours later, some wells were switched to high Ca++ KGM (HKGM). At daily 
intervals, additional cells were switched from LKGM to HKGM such that cells had been 
incubated in HKGM for a duration of 0,1,2 or 4 days by the time of fixation. This 
strategy of switching to ImM Ce+ at intervals was chosen to permit all the cells to be 
fixed simultaneously, thus eliminating the potential effects of cell density on 
differentiation. After fixing, the cells were stained for involucrin, keratinocyte 
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transglutaminase (TGk) or filaggrin using the immunoPeroxidase method (section S. 12) 
to assess the effects of Ca++ on the expression of these differentiation-specific proteins 
(Figures 6,7 and 8). 
Keratinocytes grown in KGM containing 0.03mM CP (LKGM) showed low 
levels of expression of all three proteins (Figures 6 a, 7 a, and 8 a). Brown staining for 
both involucrin and TGk was visible in occasional large, spontaneously differentiated 
cells but no filaggrin staining was visible in keratinocytes grown under these conditions. 
One day after switching to HKGM (Figures 6 b, 7 b, and 8 b), no appreciable increase in 
the number of cells staining for involucrin or filaggrin was apparent but there was an 
increased number of cells staining for TGk. During this time the arrangement of the 
cells on the substrate changed dramatically with the cells aggregating into tightly packed 
groups (see section 6.4) which became multilayered (stratified) after approximately 24 
hours incubation in HKGM. The differentiated cells were located in the upper layers of 
these stratified groups of cells. After 48 hours in HKGM (c), significantly more cells 
stained for both involucrin and TGk but again, no filaggrin staining was visible. 
Filaggrin-positive cells first became visible four days after switching to HKGM at a 
time when a large proportion of the culture was also positive for involucrin and TGk. 
Thus, under these conditions, high extracellular CP increases the proportion of 
adherent cells expressing these three differentiation-specific proteins. 
B. Involucrin immunoblotting 
Protein extracts prepared from cells grown in LKGM and HKGM for up to 5 days were 
immunoblotted for involucrin (Figure 9). In cells which were maintained in low 
extracellular Ca++ for the duration of this experiment (Figure 9 a), basal levels of 
involucrin were low (t = 0) and showed a very small increase over time, consistent with 
a low rate of spontaneous differentiation. The results obtained for cells shifted to 
HKGM at t=0 (Figure 9 b) showed a marked increase in involucrin expression as early 
as one day after the switch to HKGM. The involucrin protein levels progressively 
increased thereafter. Unfortunately, the anti-TGk and anti-filaggrin antisera did not 
work in immunoblotting. 
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Figure 6 
The induction of involucrin expression by high extracellular calcium b 
Phase-contrast photornicrographs of adherent keratinocytes stained for the 
differentiation-specific protein involucrin using the immunoperoxidase method after 
incubation in 0.03mM extracellular Ca' (a) and at 1,2 and 4 days after shifting to I mM 
Ca+' (b, c and d respectively). The antiserum used was anti-involucrin, mAb SY5 
diluted 1: 1000. Scale bars represent 200gm. 
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Fizure 7 
The induction of transglutaminase expression by high extracellular calcium 
This figure shows phase-contrast photomicrographs of adherent keratinocytes stained 
for one of the enzymes responsible for assembling the comified envelope (keratinocyte 
transglutaminase/TGk). The cells were stained using the immunopcroxidase method 
after incubation in 0.03mM extracellular U' (a) and at 1,2 and 4 days after shifting to 
ImM Ca + (b, c and d respectively). The antiserum used was anti-tmnsglutaminase, 
mAb B. CI diluted 1: 1000. Scale bars represent 200gm. 
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Fizure 8 
The induction of filaggrin expression by high extracellular calcium. 
This figure shows phase-contrast photornicrographs of adherent keratinocytes stained 
for the differentiation-specific protein filaggrin using the immunopcroxidase method. 
The cells were stained after incubation in 0.03mM extracellular Caý' (a) and at 1,2 and 
4 days after shifting to I mM Ca++ (b, c and d respectively). The arrow (a) indicates a 
cell stained for filaggrin. The antiserurn used was anti-filaggrin mAb BT-576 diluted 
1: 500. Scale bars represent 200gm. 
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Figure 9 
The induction of involucrin expression by high extracellular calcium 
This figure shows two immunoblots for involucrin using lysates prepared in CSK buffer 
from adherent keratinocytes grown in low (a) and high (b) cxtracellular U4. 
Molecular weight markers are not indicated on these two panels as they mn outside the 
regions of the blots shown. The antiserum used was anti-involucrin, mAb SY5 diluted 
1: 2000. 
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6.2.2 Calcium induces peanut agglutinin binding! activity 
The induction of another indicator of keratinocyte differentiation by high extracellular 
Ca++ was investigated. Peanut agglutinin (PNA) binding is a feature of keratinocyte 
differentiation (Ookusa et aL, 1983) and it is reported that PNA binds to the 
transmembrane glycoprotein CD44 in these cells (Hudson et aL, 1995). To investigate 
the induction of PNA binding activity by high extracellular Caý+, keratinocytes were 
grown in chamber slides as described in section 6.2.1A in either LKGM or in HKGM 
for a duration of 5 days before staining with anti-involucrin, 4', 6-diamidino-2- 
phenylindole (DAPI) and fluorescein-labelled peanut agglutinin (Figure 10). 
Where subconfluent keratinocytes were maintained in LKGM, few cells stained 
for involucrin, as expected, although the majority of those cells that did stain also bound 
PNA (Figure 10 a, closed arrow). Under these conditions no cells were observed which 
bound PNA but not involucrin. Five days after switching cells to HKGM, many more 
cells bound PNA and were stained for involucrin, consistent with a higher degree of 
differentiation in these cultures. However, it was also apparent that only a subset of the 
involucrin positive cells bound PNA, appearing yellow in the merged 
immunofluorescence images (Figure 10 b, open arrow). The nuclei of these 
differentiated cells are not readily visible in this image as the blue staining is masked by 
the stronger staining for involucrin and peanut agglutinin. In addition, the 
undifferentiated keratinocytes adjacent to the substrate are visible around the periphery 
of these stratified groups of cells. Thus, high extracellular CP is a sufficient stimulus 
to induce PNA binding in an increased proportion of keratinocytes propagated in the 
serum-free system. 
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Fizu re 10 
The induction of peanut agglutinin binding activity by high extracellular calcium 
This figure shows two fluorescence micrographs of adherent keratinocytes maintained in 
0.03mM extracellular Ca++ (a) or in ImM extraccllular Ca++ for 5 days (b). The cells 
have been stained for involucrin (red), peanut agglutinin binding (green) and the nuclei 
are stained blue. The antiserurn iased was anti-involucrin rabbit polyclonal , diluted 1: 5. FITC-labelled peanut agglutinin was diluted 1: 500 and DAPI was at a concentration of 
0.1 pg/ml (section 5.11). Scale bars represent I 00pim. 
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6.3 HIGH EXTRACELLULAR CALCIUM INCREASES CORNIFIED ENVELOPE COMPETENCE 
6.3.1 Calcium induces envelope competence 
Having demonstrated the induction of a group of differentiation-specific proteins by 
high extracellular Ca++, the number of cells capable of the final phase of the 
differentiation process - cornified envelope (CE) assembly, was determined after growth 
in LKGM and HKGM. For envelope assembly to occur in a given cell, the presence of 
the envelope components and the enzymes to assemble them is required. In the serum- 
free culture system, keratinocytes grown in the presence of bovine pituitary extract 
(section 4.11.1) do not spontaneously assemble cornified envelopes (Boyce and Ham, 
1983) in response to high extracellular Ca++ concentrations, but can be induced to do so 
using a non-physiological stimulus. Keratinocytes that have synthesised envelope 
components are artificially induced to assemble cornified envelopes by treatment with a 
Ca'-specific ionophore (ionomycin or A23187) in the presence of high extracellular 
Ca', to allow the influx of extracellular Ca++ thereby activating TGk (Rice and Green, 
1979). Keratinocytes incubated in high extracellular CP for extended periods of time 
before treatment with ionophore have previously been shown to have an increased 
ability to assemble cornified envelopes compared with cells maintained in low 
extracellular Ce+ (Pillai et aL, 1990). 
For this experiment, dishes of cells were seeded at different initial densities, 
calculated from proliferation assays (section 7.2.1), such that dishes harvested at 
different times after seeding would contain equivalent numbers of cells, thus minimising 
the effects of culture density on keratinocyte behaviour (section 8.3). These adherent 
keratinocytes were then grown in LKGM or HKGM for a period of up to 5 days before 
determining cell number and then incubating as a cell suspension in lOgM ionomycin 
for 4 hours. The detergent-insoluble comified envelopes were extracted (section 5.10), 
visualised microscopically (Figure II a) and counted. Thus, the proportion of cells 
competent to assemble envelopes in response to ionophore under these conditions could 
be calculated (see Figure II b). 
Growth in LKGM (green bars) for up to 5 days caused no significant change in the 
proportion of cells that were competent to assemble envelopes, demonstrating that the 
spontaneous rate of differentiation remained low under these conditions. 
Approximately 20% of keratinocytes grown in LKGM were competent to assemble 
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envelopes in response to ionomycin. Conversely, growth in HKGM (red bars) caused a 
progressive increase in the proportion of envelope-competent cells, rising to over 50% 
after 5 days, correlating with the increased involucrin protein levels induced under the 
same conditions. This indicates that high extracellular CP induces sufficient cornified 
envelope components to allow cornified envelope assembly in an increased proportion 
of cells compared with cells maintained in LKGM. 
6.3.2 Involuerin is a component of ionophore-induced cornified envelopes 
In order to further validate involucrin as an indicator of cornified envelope competence 
and therefore differentiation, it was necessary to confirm that involucrin is a component 
of ionophore-induced cornified envelopes in this system. Keratinocytes grown in 
HKGM for 5 days were treated with ionomycin as described above to induce envelope 
formation (control cells were treated with DMSO) and the cells were then washed and 
lysed in CSK lysis buffer (section 4.11.2). These lysates were electrophoresed and 
immunoblotted for involucrin without prior clarification by centrifugation (Figure 12). 
In the proteins extracted from control cells treated with DMSO, a single species 
reacted with anti-involucrin antiserum, migrating with an apparent molecular weight of 
12OkD, representing monomeric involucrin. However, in the proteins extracted from 
ionophore-treated cells, an additional species reacting with anti-involucrin antiserum. 
was present, with an apparent molecular weight considerably exceeding 220kD. 
Furthermore, the development of this second species appeared to be at the expense of 
the faster migrating species. The slower migrating species most likely represents a 
subunit of the cornified envelope comprising involucrin, either complexed with itself or 
with other envelope components as a result of TGk activity (section 1.2.1B), and was 
resistant to boiling in SDS, suggesting that involucrin is covalently bound to the 
aggregate. Thus, involucrin is present in a high molecular weight protein aggregate in 
cells induced to form envelopes but not in control cells. 
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Fieure 11 
Calcium-induced competence to assemble cornified envelopes 
a. Phase-contrast photomicrograph showing a single cornified envelope extracted from 
a keratinocyte following ionomycin treatment as described in section 5.10. 
Envelopes such as these were counted using a hacmacytomcter to determine the 
proportion of cells which were competent to assemble envelopes under in response to 
ionomycin. The scale bar represents a distance of 30pm. 
b. Quantification of the proportion of keratinocytes competent to assemble comified 
envelopes in response to ionomycin in the presence of I mM extracellular Ca'". The 
cells depicted by the green bars were maintained in 0.03mM Ca" for up to 5 days 
before ionophore treatment. The cells depicted by the red bars wcre maintained in 
0.03mM Ca++ and then shifted to I mM extracellular Ca" for various times of up to 5 
days before treating with ionophore. Treatment with the vehicle for ionomycin 
(DMSO) did not induce envelope formation (not shown). 
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Ffizure 12 
Involucrin is a component of ionomycin-induced cornified envelopes 
Involucrin immunoblot prepared using proteins extracted from ionomycin-treated and 
control cells. These lysates were not clarified by centrifugation prior to electrophoresis 
(section 5.4). Molecular weight markers are shown. The antiserum used was anti- 
involucrin rabbit polyclonal (a generous gift from F. Watt, Imperial Cancer Research 
Fund, London), diluted 1: 500. 
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6.4 CALCIUM INDUCES CHANGES IN KERATINOCYTE DISTRIBUTION 
A. The effect of ImM extracellular calcium on keratinocyte distribution 
In low Ca++ serum-free medium, subconfluent keratinocytes grew as a non-contiguous 
monolayer with very few obvious cell-cell contacts visible by phase-contrast light 
microscopy (Figure 13 a). However, switching to HKGM dramatically altered the 
keratinocyte distribution. The first change that was seen by light microscopy was the 
gradual coalescing of individual keratinocytes into larger coherent groups, a process that 
leaves few cells on the areas of substrate in between (Figure 13 b). This change in the 
distribution of the cells suggests that the formation of intercellular adhesions is taking 
place. The timing of these changes varied with culture density, taking place more 
rapidly at higher densities where many cells were already in close proximity (not 
shown). Continued incubation in HKGM caused these groups of cells to become ever 
more tightly packed and soon they became stratified (multilayered, Figure 13 c). These 
stratified groups of cells have a distinctive organisation with the upper strata comprising 
the differentiated cells (section 6.2.1) and the lowermost layer remaining 
undifferentiated. Again, the time taken for stratification to begin varied but typically 
stratification began 2-3 days after switching to HKGM. Thus, the aggregation of 
keratinocytes is an early response to high extracellular Ca++, preceding stratification and 
the increased expression of differentiation-specific proteins. 
B. Stratification is not required for calcium-induced differentiation 
To investigate the possibility that stratification is involved in the induction of Ca'- 
induced differentiation, subconfluent keratinocytes were shifted to a range of Ca+' 
concentrations between 0.03mM and ImM. The cells Were maintained for 5 days in 
these extracellular Caý+ concentrations before viewing and extracting proteins to 
immunoblot for involucrin expression (Figures 14 and 15 respectively). 
In nornial HKGM (ImM CP), stratification always follows aggregation, but 
this was not the case at intermediate extracellular Caý+ concentrations, at least over the 
duration of these experiments. When cells were shifted from 0.03mM to extracellular 
U' concentrations between 0.3mM and 0.6mM, the initial cell aggregation was 
indistinguishable from that seen in response to ImM extracellular Ca++. However, at 
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Fieure 13 
High extracellular calcium alters the distribution of adherent keratinocytes 
Phase-contrast photornicrographs of adherent subconfluent keratinocytes growing in 
0.03mM Ca++ (a) and at I and 7 days after shifting to ImM extracellular Ca++ (b and C 
respectively). The scale bars represent 2001im. 
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Figure 14 
The effects of a range of calcium concentrations on keratinocyte distribution 
Phase-contrast photornicrographs of subconfluent adherent keratinocytes grown in 
extracellular Ca++ concentrations of 0.03,0.1,0.3,0.45 and 2mM (a, b, c, d and e, 
respectively) for a duration of 5 days. Scale bars represent 200ýLrn. 
The effects of a rancie of calcium concentrations on 
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these moderate Ca++ concentrations, no stratification took place. At Caý+ concentrations 
above 0.6mM, stratification occurred, suggesting that a higher CP concentration is 
required for stratification than for the formation of monolayer aggregates of cells. Thus, 
at Ca++ concentrations between 0.03mM and 0.6mM, aggregation is induced, but not 
stratification. 
At the two lowest extracellular Ca++ concentrations, the levels of involucrin 
expressed by the cells were very low, but at all concentrations of 0.3mM or greater, 
substantial involucrin expression occurred (Figure 15). There does not appear to be a 
fixed relationship between Ca++ concentration and the amount of involucrin expressed 
once the Caý+ concentration exceeds 0.45mM. Thus, a Ca++ concentration exceeding 
0.45mM is sufficient to fully induce involucrin expression and further increases in Caý+ 
concentration have no further effect on involucrin expression. Taken together, the data 
from this experiment indicate that stratification is not a pre-requisite for differentiation, 
since intermediate Ca' concentrations fully induce involucrin expression without 
stratification taking place. This conclusion is in agreement with Watt and Green, 1982. 
6.5 CALCIUM INDUCED CELL-CELL ADHESIONS 
To further characterise the changes in cell distribution that take place in response to 
switching from LKGM to HKGM, the subcellular localisation. of a number of cell- 
adhesion proteins was examined by confocal immunofluorescence microscopy. 
Keratinocytes were grown on glass chamber slides in LKGM and then shifted to HKGM 
at suitable intervals such that the cells had been incubated in I mM extracellular Ca' for 
0,4 or 24 hours at the time of fixation. These times were chosen to coincide with the 
period when the greatest changes in cell distribution took place in response to Ca'- 
shift. 
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Figure 15 
The induction of involucrin expression by a range of extracellular calcium 
concentrations 
This immunoblot for involucrin shows the effects of a range of extracellular Ca++ 
concentrations on involucrin protein levels 5 days after switching subconfluent 
keratinocytes from 0.03mM CP to the *indicated Ca++ concentrations. This experiment 
was performed in collaboration with Dr. E. K. Parkinson, Beatson Institute. The 
antiserurn used anti-involucrin rabbit polyclonal, diluted 1: 500. 
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6.5.1 High extracellular calcium induces the formation of adherens lunctions 
A. Subcellular localisation of the classical cadherins 
In subconfluent cultures maintained in LKGM, the staining for both E- and P-cadherin 
was largely diffise although occasional intercellular staining for E-cadherin could be 
seen (Figure 16 a, arrow), indicating that 0.03mM Caý+ does not completely suppress 
the formation of adherens junctions. Much of the P-cadherin in cells grown under these 
conditions appeared to be localised to the cytoplasm in the vicinity of the nuclei (Figure 
17 a). Four hours after switching to HKGM, both cadherins were present in areas of 
cell-cell contact, corresponding to the redistribution of the cells and the formation of 
adherens junctions (Figures 16 b and 17 b). These newly formed adhesions did not 
appear as a single line of cadherin staining but instead had a rather complex appearance 
at this time, seen most clearly in the E-cadherin image (Figure 16 b). In many 
adhesions, the E-cadherin staining was arranged in a series of short lines which were 
oriented perpendicular to the cell-cell contact, often in a symmetrical pattern in 
opposing cells. At this time, the formation of cell-cell adhesions was probably not 
complete since some cells appeared to be in the process of actively pulling other cells 
together (Figure 16 b). After 24 hours incubation in HKGM, the cells were tightly 
packed and the staining pattern of both cadherins was resolved as a distinct line along 
each area of cell-cell contact with no staining on the free edges of the cells (Figures 16 c 
and 17 c). 
To further elucidate the nature of the cadherin translocation process, the 
importance of the actin cytoskeleton and the microtubule network was determined. The 
keratinocytes were treated with either cytochalasin D to disrupt the actin cytoskeleton, 
or with nocodazole to disrupt the intracellular microtubules (e. g., Tomasek and Hay, 
1984). Cells were treated in this way for 30 minutes before switching from 0.03mM 
Ca' to I mM extracellular Ca++ for a duration of 4 hours and were then stained for both 
E- and P-cadherin. Nocodazole had no effect on the redistribution of E-cadherin or P- 
cadherin in response to high extracellular Ca' (Figures 16 e and 17 e), despite causing 
the disruption of the microtubules (Figure 18 b) which were visible as discrete 
filamentous structures when stained using anti-cc-tubulin antiserum. before treatment 
(Figure 18 a). However, treating the cells with cytochalasin D suppressed cadherin 
translocation (Figures 16 d, and 17 d) and disrupted the actin filaments (Figure 19 c). 
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Figure 16 
High extracelfular calcium induces E-cadherin relocalisation 
Confocal immunofluorescence micrographs of adherent keratinocytes stained for E- 
cadherin after growing in 0.03mM (a) and 4 and 24 hours after shifting to ImM 
extracellular Ca' (b and c respectively). Panel d shows cells pre-treated with 5pg/ml 
cytochalasin D for 30 minutes before shifting to I mM CP for 4 hours in the presence 
of the drug. Panel e shows cells pre-treated with 2.5pgImI nocodazole for 30 minutes 
before switching to ImM Ca' for 4 hours in the presence of the drug. The antiserum 
used was DECMA-l diluted 1: 100, visualised with anti-rat-FITC diluted 1: 125. The 
scale bars represent 25pm. 
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Figure 17 
High extracellular calcium induces P-cadherin relocalisation 
Confocal immunofluorescence micrographs of adherent keratinocytes stained for P- 
cadherin after growing in 0.03mM (a) and 4 and 24 hours after shifting to IMM 
extracellular Caý+ (b and c respectively). Panel d shows cells pre-treated with 51191ml 
cytochalasin D for 30 minutes before shifting to I mM Ca++ for 4 hours. Panel e shows 
cells pre-treated with 2.5lig/ml nocodazole for 30 minutes before switching to IMMI 
Ca' for 4 hours in the presence of the drug. The antiserum used was mAb 6A9 (a gift 
from M. Wheelock, University of Toledo, Ohio) diluted 1: 25, visualised with anti- 
mouse-FITC diluted 1: 100. The scale bars represent 25gm. 
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Fieure 18 
The effects of nocodazole and cytochalasin D on microtubule arrangement 
Confocal immunofluorescence images of adherent keratinocytes grown in 0.03mM Ca++ 
stained for cc-tubulin before (a) and after treatment with 2.5ýtg/ml nocodazole for 4 
hours (b), or 5jig/ml cytochalasin D for 4 hours (c). The antiserum. used was anti-cc- 
tubulin diluted 1: 1000, visualised with anti-mouse-FITC diluted 1: 100. Scale bars 
represent 25gm. 
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Fieure 19 
Cytochalasin D-induced actin disruption 
Confocal. immunofluorescence micrographs of adherent keratinocytes stained for actin 
after treatment with 0.1% DMSO (a), 2.5pg/ml nocodazole (b) or Spg/ml cytochalasin 
D (c) for 4Y2hours. The antiserum used was anti-actin mAb AC 40 diluted 1: 100 and 
visualised with anti-mouse-FITC diluted 1: 100. Scale bars represent 251im. 
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Cytochalasin D treatment did not totally prevent the accumulation of E- and P- 
cadherin at areas of cell-cell contact - punctate staining for both cadherins was visible in 
the cell-cell adhesions of treated keratinocytes (Figure 16 d and 17 d). Cytochalasin D 
did not depolymerise the microtubules or the K14-containing intermediate filaments 
although the organisation of these cytoskeletal structures was altered, possibly a 
consequence of the impaired cell-cell adhesion in these cells (Figures 18 c and 20 c- the 
remainder of Figure 20 is described in section 6.5.3). Thus, the CP-dependent 
translocation of E- and P- cadherin to areas of cell-cell contact was inhibited by 
treatment with cytochalasin D but not nocodazole. This suggests that the cadherin 
relocalisation process is actin- (but not microtubule) dependent. 
B. Abundance of the classical cadherins 
In addition to the subcellular localisation studies, the abundance of E- and P-cadherin in 
adherent keratinocytes grown in low extracellular Caý+ and after switching to high 
extracellular Ca++ was examined by immunoblotting (Figure 21). In subconfluent 
keratinocytes maintained in LKGM (t = 0), both cadherins were readily detectable but 
the P-cadherin antiserum reacted with three proteins of different electrophoretic 
mobility, which appeared to be present in comparable amounts (Figure 21 b). Switching 
to HKGM did not result in any changes in the amount of E-cadherin present (Figure 21 
a), but the pattern of anti-P-cadherin reactive proteins was altered. The upper two 
species which were detected by the anti-P-cadherin antiserum in proteins extracted from 
cells grown in LKGM were no longer visible and the lower species appeared stronger. 
However, no further changes were observed in the amount of P-cadherin present with 
prolonged incubation in HKGM. See section 6.5.2 for a discussion of Figure 21 d. 
Immunoblotting for the cadherin-associated protein P-catenin, revealed that there 
were no significant changes in the total amounts of this protein present in response to 
high extracellular Caý+ (Figure 21 c). Furthermore, no changes in the electrophoretic 
mobility of P-catenin were induced by switching to HKGM (the t=0 lane on the 
immunoblot appears to have a slightly lower mobility due to its proximity to the edge of 
the polyacrylamide gel during electrophoresis). Thus, switching to HKGM, alters the 
electrophoretic mobility of P-cadherin but not E-cadherin or P-catenin. This may be 
indicative of some form of post-translational processing of P-cadherin in response to 
high extracellular calcium. 
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Figure 20 
Keratin 14 distribution and abundance in low and high extracellular calcium 
Confocal immunofluorescence micrographs of adherent keratinocytes stained for K14 
after growth in 0.03mM extracellular Ca' (a), after growth in ImM extracellular Ca++ 
for 4 hours (b), after incubation in I mM extracellular CP for 4 hours in the presence of 
5gg/ml cytochalasin D (c) and after incubation in ImM extracellular Ce+ in the 
presence of 2.5gg/ml nocodazole (d). Panel e. shows an immunoblot for K14 prepared 
using proteins extracted using RIPA buffer from cells grown in 0.03mM Ca++ (t = 0) 
and shifted to ImM extracellular Ca"' for the times indicated. The antiserum. used was 
mAb LLOOI (a gift from Professor. E. B. Lane, University of Dundee) diluted 1: 100 for 
immunofluorescence and 1: 1000 for immunoblotting. Scale bars represent 25ýtm. 
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Figure 21 
The effects of extracellular calcium on cadherin, catenin and integrin abundance 
Immunoblots for E-cadherin (a), P-cadherin (b) P-catenin (c) and PI-integrin (d) 
prepared with proteins extracted using RIPA buffer (section 4.11.2) from adherent 
keratinocytes grown in 0-03mM Ca++ (t = 0) or switched to I mM extracellular Ca++ for a 
duration of up to 5 days. Molecular weight markers are indicated. The antisera used 
were mouse anti-E-cadherin (clone #36) diluted 1: 2000, mouse anti-P-cadherin (clone 
#56) diluted 1: 500, rabbit polyclonal anti-p-catenin diluted 1: 2000 and rat anti-Pi- 
integrin (mAb 13) diluted 1: 1000. 
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6.5.2 Hiah extracellular calcium induces the relocalisation of 01-integrin to cell-cell 
contacts 
There is some evidence that the integrins play a role in keratinocyte intercellular 
adhesion, particularly where the formation of cadherin-mediated junctions is suppressed 
by low extracellular Ca++ (Symington et aL, 1993), and they may also play a role in the 
modulation of differentiation (section 2.1.2). Thus, the subcellular localisation of the 
Pi-integrin subunit was determined by confocal immunofluorescence microscopy in 
keratinocytes maintained in LKGM or switched to HKGM for a duration of 4 or 24 
hours (Figure 22). In 0.03mM extracellular Ce+ (Figure 22 a), the staining pattern for 
the PI-subunit was rather diffuse although some areas of stronger staining were also 
visible. When keratinocytes occasionally touched, stronger PI-subunit staining was 
apparent in the cell-cell contact area, suggesting that this integrin may participate in a 
form of cell-cell adhesion under these conditions (closed arrow, Figure 22 a). Some 
punctate staining of the cells at the level of the substrate was also visible although in no 
cells were focal adhesions resembling those seen in fibroblasts visible. In addition, 
punctate staining of the substrate was also apparent, corresponding to integrins 
deposited by migrating cells (open arrow, Figure 22 a). 
After switching to HKGM, the localisation of the 01-integrin was quite different, 
being concentrated at areas of cell-cell contact in a manner similar to that described for 
the cadherins in section 6.5.1. Four hours after switching to HKGM, Pi-integrin was 
localised to areas of cell-cell contact (Figure 22 b) although the complex cadherin 
staining patterns seen early after switching to HKGM were not apparent. This 
relocalisation process was blocked by cytoc4alasin D but was insensitive to nocodazole 
(Figures 22 d and 22 e, respectively), in agreement with Braga et aL (1995). After 24 
hours in HKGM, 1 -integrin was strongly localised to areas of cell-cell contact, with the 
remainder of the cell staining weakly (Figure 22 c). Thus, in response to high 
extracellular Ce+, the PI-integrin subunit was relocalised to the areas of cell-cell 
contact in an actin-dependent manner, indicating that it may participate in calcium. - 
induced intercellular adhesion. 
Despite the changes in subcellular localisation, there were no changes in the 
electrophoretic mobility of the PI-integrin subunit in response to high extracellular Ca++ 
(Figure 21 d). There was, however, a small increase in the protein levels. 
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Figure 22 
The effects of extracellular calcium on PI-integrin localisation 
Confocal immunofluorescence micrographs showing adherent keratinocytes grown in 
0.03mM extracellular Ca+ (a), after switching to ImM extracellular Ca' for 4 hours 
(b), 24 hours (c), 4 hours in the presence of 5pg/ml cytochalasin D (d) and 4 hours in the 
presence of 2.5pg/ml nocodazole (e). The antiserum used was mAb 13 (rat anti-pi- 
integrin) diluted 1: 100 visualised with anti-rat-FITC diluted 1: 125. Scale bars represent 
25pm. 
The effects of extracellular calcium on. rin localisation 
a. low extracellular 
calcium 
b. high extracellular 
calcium, 4 hours 
c. high extracellular 
calcium, 24 hours 
d. high extracellular 
calcium and cytochalasin D 
for 4 hours 
e. high extracellular 
calcium and nocodazole 
for 4 hours 
of this subunit up to 3 days after switch to HKGM, which then declined again, back to 
the basal level after 5 days in HKGM. 
6.5.3 High extracellular calcium induces chanizes consistent with desmosome 
assemh1v 
The subcellular distribution of desmosomal components was not investigated during this 
study. However, immunofluorescent staining for keratin K14 revealed dramatic changes 
in the intermediate filament organisation, which are consistent with the assembly of 
desmosomes (Figure 20). In low extracellular CP, the K14-containing intermediate 
filaments appeared relatively disorganised although more prominent filaments extending 
along some cells were visible (Figure 20 a). Soon after switching to HKGM, the K14- 
containing intermediate filaments rapidly reorganised and inserted into areas of cell-cell 
contact, giving the cells a very distinctive appearance (Figure 20 b). Furthermore, this 
arrangement of keratin was not seen on the free edges of cells suggesting that it was 
specific to cell-cell adhesions. The staining pattern described for E-cadherin in section 
6.5.1A, where the cadherin protein appeared to be inserting into sites of cell-cell 
adhesion in a series of fibres, suggests that the cadherins could colocalise with the 
reorganised K14-containing intermediate filaments. This implies that the formation of 
desmosomes may occur where adherens junctions are forming or that the keratins are 
involved in the formation of adherens junctions in some way. This process of 
intermediate filament reorganisation was not affected by nocodazole (Figure 20 d) but 
was altered by cytochalasin D (Figure 20 c). In HKGM, in the presence of cytochalasin 
D, the K14-containing intermediate filaments were visible in the cells, indicating that 
the drug did not cause the degradation of these cytoskeletal structures. However, the 
organisation of the filaments was perturbed, probably because of the absence of normal 
intercellular adhesion under these conditions. 
Despite the profound changes in K14 arrangement that occurred in response to 
high extracellular Caý+, no changes were seen in the electrophoretic mobility or protein 
levels of K14 after switching to HKGM (Figure 20 e), as determined by 
immunoblotting. Even after 5 days in HKGM, when many cells were differentiating, no 
change was seen, indicating that K14 is probably retained in these cells in high 
extracellular Caý+. Thus, switching to HKGM causes rapid reorganisation of the K14- 
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containing intermediate filaments, consistent with the formation of desmosomes, but has 
no obvious effect on the amounts of this keratin present. 
6.6 Hiiih extracellular calcium induces the reorizanisation of the actin cytoskeleton 
The actin cytoskeleton was clearly visible in keratinocytes maintained in LKGM stained 
with an anti-actin antibody with the majority of the actin concentrated around the 
periphery of the cells (Figure 23 a). More prominent fibres which appeared to terminate 
at the level of the substrate close to the edges of the cells were also visible, possibly 
corresponding to stress-fibres terminating in the focal adhesions (Carter et al., 1990b). 
Soon after switching to HKGM, the actin distribution was quite different, with fewer 
fibres terminating in the cell-substrate contacts. The majority of the actin filanients 
remained around the periphery of the cells but mostly appeared to terminate at the sites 
of cell-cell contact, where filamentous actin could be seen inserting into the cell-cell 
adhesions (Figure 23 b). This subcellular localisation of actin is consistent with the 
physical interactions which occur between the classical cadherins and the actin 
cytoskeleton (Ozawa et al., 1989). These observations are consistent with those where 
keratinocytes were stained specifically for filamentous actin (Kubler et al., 1991), 
indicating that the amounts of globular actin present in these cells do not interfere with 
this analysis. 
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Fi2ure 23 
Calcium-induced actin reorganisation 
Confocal immunofluorescence micrographs of adherent keratinocytes stained for actin 
after maintaining in 0.03mM extracellular CP (a) and after switching to IMM 
extracellular Ca++ for 4 hours (b). 
Calcium-induced actin reorganisation 
a. low calcium 
b. high calcium, 
4 hours 
6.7 DISCUSSION 
The purpose of the experiments described in this chapter was to evaluate the behaviour 
of keratinocytes in the MCDB 153 culture system and to consider the early events 
induced by high extracellular Caý+ which might initiate differentiation. The data 
presented in this chapter indicate that the formation of cell-cell contacts precedes the 
expression of differentiation-specific proteins and that the cadherins and integrins are 
candidate mediators ofjunction formation. 
6.7.1 Hip-h extracellular calcium induces responses characteristic of in vivo 
differentiation 
Switching keratinocytes from low to high extracellular CP caused a series of changes 
characteristic of the in vivo differentiation process, including the expression of 
differentiation-specific proteins. The temporal differences between the beginning of 
increased involucrin, transglutarninase and filaggrin expression and the acquisition of 
peanut agglutinin binding in response to Ca' partly reflect the different locations in the 
epidermis where these events normally first become detectable. In human epidermis, 
involucrin and TGk are first expressed in the spinous layer (Thacher and Rice, 1985) 
and are both induced soon after switch to HKGM, with TGk perhaps being induced 
slightly sooner (section 6.2.1). Filaggrin however, is normally first expressed in the 
granular layer (Lonsdale-Eccles et al., 1984) and correspondingly is induced at much 
later times than involucrin and TGk by high extracellular Caý+. In normal epidermis, 
basal keratinocytes do not bind peanut lectin - this function is first seen in the spinous 
layer (Ookusa et al., 1983) where the keratinocytes have also begun to express 
involucrin. When cells were treated with high extracellular Caý+, more cells expressed 
involucrin than bound peanut lectin and only involucrin-positive cells bound peanut 
lectin (section 6.2.2. ), indicating that the acquisition of PNA binding ability is a later 
event than the expression of involucrin in vitro. Thus, the differentiation process 
initiated in response to Ca++-shift partially recreates the spatio-temporal organisation of 
in vivo differentiation. 
Cornified envelope assembly is one of the important functions that a keratinocyte 
completes in vivo. In this in vitro system, growing keratinocytes in high extracellular 
Ca' causes a significant increase in the proportion of cells competent to assemble 
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envelopes in response to ionophore (section 6.3). This indicates that in addition to the 
small range of envelope components and associated proteins investigated by 
immunoperoxidase staining and immunoblotting, high extracellular Ca++ must induce 
the expression of a wide range of envelope components and associated enzymes. It 
should be noted that ionophore treatment is not a physiological stimulus for envelope 
assembly and it is not clear whether ionophore-induced envelopes are identical to those 
formed in vivo or not, although at least one protein which is a component of envelopes 
formed in vivo is almost certainly a component of ionophore-induced envelopes (see 
below). 
The drarnatic appearance of an anti-involucrin-reactive protein of very large 
molecular weight (section 6.3.2) in response to ionophore treatment indicates that 
involucrin is a likely component of ionophore-induced envelopes. The presence of 
involucrin in envelopes formed in vitro and in vivo has been shown in other ways (e. g. 
Robinson et aL, 1997; Steinert and Marekov, 1997) but the appearance of this large anti- 
involucrin-reactive product in response to ionophore has not been previously reported. 
Overall, these data are consistent with reports showing increased involucrin 
protein levels and inducible transglutarninase activity in keratinocytes maintained in 
high extracellular Ca++ in comparison with cells maintained in low extracellular Ca++ 
(e. g. Pillai et aL, 1988a). In addition, these reports also showed that maintaining 
keratinocytes in high extracellular Ce+ significantly increases the proportion of cells 
competent to assemble cornified envelopes in the serum-free system (Wille et aL,, 1984, 
Pillai et aL, 1988a; Pillai et aL, 1990). However, there are also reports that commitment 
to differentiation in murine keratinocytes is independent of the extracellular Ce+ 
concentration (Drozdoff and Pledger, 1993). This particular study was performed on 
post-confluent murine keratinocytes, under conditions where differentiation is likely to 
be strongly induced in low extracellular Caý+ (see section 8.3), potentially masking the 
effects of high extracellular CP. Thus, subconfluent human keratinocytes are induced 
to differentiate by high extracellular calcium concentrations. 
6.7.2 Calcium-induced cadherin-mediated cell-cell adhesion 
One of the changes seen in response to high extracellular Caý+ concentrations is the 
aggregation of scattered keratinocytes into areas of local confluence which subsequently 
become multilayered (section 6.7). These alterations in cell adhesion precede the 
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increased expression of differentiation-specific proteins and are therefore potential 
mediators of Ca++-induced differentiation. Thus, cell-cell adhesion was investigated in 
more detail. In cultures treated with ImM extracellular CP, the process of 
stratification always took place, and in these stratified groups of cells, the differentiated 
cells were located in the upper layers (section 6.2.1). This suggests that perhaps the 
mechanism by which high extracellular Ce+ induces differentiation is by inducing 
detachment from the extracellular matrix during stratification, a hypothesis consistent 
with numerous reports of the induction of human keratinocyte differentiation by 
suspension culture in methyl-cellulose (e. g. Adams and Watt, 1989). However, by 
reducing the extracellular concentration from ImM to 0.6mM, the induction of 
involucrin was unaffected but stratification was completely prevented over the 5 day 
duration of the experiment (section 6.4B). Thus, stratification is not a prerequisite for 
differentiation and is more likely to be a consequence of the loss of integrin function 
that occurs in keratinocytes upon formation of cadherin-mediated cell-cell adhesions in 
response to high extracellular Ca++ (Hodivala and Watt, 1994). All the tested 
extracellular Ca++ concentrations which induced increased involucrin expression also 
caused the formation of cell-cell adhesions and the subsequent aggregation of the cells 
into areas of local confluence. Conversely, those CP concentrations that were 
insufficient to induce increased involucrin expression also failed to induce the formation 
of cell-cell adhesions. These data are consistent with a role for the formation of 
intercellular adhesions in the initiation of the differentiation program. 
The formation of cadherin-mediated cell-cell adhesions was found to occur rapidly 
in response to elevating the extracellular W+ concentration, in agreement with Lewis et 
al., (1994b). Observation of cells which were in the process of junction assembly 
revealed complex cadherin staining patterns which may be indicative of the way in 
which junctions form under these conditions. Four hours after switching to high 
extracellular Ce+, the staining pattern for both E- and P-cadherin in the region of cell- 
cell contacts resembled a series of short filaments inserting into the sites of adhesion. 
Furthermore, the staining patterns on opposing cells often appeared symmetrical, 
indicating that each cell may contribute components of the adhesion into pre-determined 
sites in the membranes, possibly influenced by the adjacent cell. The similarity of the 
cadherin staining to the actin and K14 staining in the cell-cell contacts was striking and 
suggests that one or both of these cytoskeletal components may be involved in the 
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transport of the cadherins to sites of cell-cell adhesion It is possible that such filaments 
could perform a similar function to actin during the translocation of v-Src to fibroblast 
focal adhesions from the perinuclear region, when it is thought that intracellular 
transport may occur along the actin stress fibres (Fincham. et aL, 1996). 
The roles of polymerised actin and the microtubule network in the cadherin 
translocation process were investigated by treating the cells with cytochalasin D or 
nocodazole, which disrupt the actin cytoskeleton and the microtubules respectively (e. g., 
Tomasek and Hay, 1984). Nocodazole treatment had no effect on the redistribution of 
E-cadherin or P-cadherin in response to high extracellular Ce+ despite causing the 
disruption of the microtubules. Conversely, treatment with cytochalasin D suppressed 
the relocalisation of E- and P-cadherin to cell-cell contact zones, suggesting that an 
intact actin cytoskeleton is required for optimal cadherin translocation in response to 
high extracellular Ca++. However, cadherin relocalisation was not totally blocked, 
indicating either that the cytoskeleton was incompletely disrupted or that there are small 
amounts of cadherin constitutively inserted into the membranes of keratinocytes 
maintained in low extracellular Caý+. These cadherins would then be concentrated to 
sites of cell-cell adhesion in response to high extracellular Caý+ in an actin-independent 
manner, perhaps acting as a 'nucleation site' for the actin-dependent membrane 
insertion of more cadherin. In keratinocytes treated with cytochalasin D, no filamentous 
actin-containing structures were visible, suggesting that the cadherins present at cell-cell 
contacts in these cells were concentrated at these sites in an actin-independent manner. 
Furthermore, cytochalasin D did not depolymerise the K14-containing intermediate 
filaments, nor did it disrupt the microtubules. Thus, it is possible that the initial weak 
cell-cell adhesions formed by keratinocytes are mediated by cadherins constitutively 
present in the membrane and that these adhesions are subsequently strengthened by the 
actin-dependent translocation of cadherins to the nascent adhesion. A recent study 
showed that the rearrangement of the actin cytoskeleton is required for the stabilisation 
of the cadherin-mediated cell-cell adhesions between keratinocytes (Braga et aL, 1997). 
During the formation of cell-cell adhesions, actin polymerisation was shown to occur at 
the sites of cell-cell contact, a process that is dependent on the small GTPases Rho and 
Rac and is required for the establishment of the junction. Taken together, the data 
presented in this chapter and those of others, indicate a critical role for polymerised 
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actin in the assembly and maintenance of cadherin-mediated cell-cell adhesions in 
keratinocytes. 
The alterations in the electrophoretic mobility of P-cadherin but not of E-cadherin 
indicate that there may be important differences in the functional regulation of these two 
proteins in human keratinocytes. The antisera used for immunoblotting are both raised 
against similar regions of the two proteins and should identify the immature and mature 
forms described in section 2.2.2. These data suggest that E-cadherin pre-exists 
predominantly in the activated mature form whereas significant amounts P-cadherin 
exist in the larger inactive form when the cells are maintained in low extracellular Caý+. 
Since proteolysis of this immature form to produce the mature form normally coincides 
with insertion into the cell membrane (Ozawa and Kemler, 1990), one corollary is that 
E-cadherin may be constitutively present at higher levels in the keratinocyte membrane 
than P-cadherin in low extracellular Ce+. 
6.7.3 Calcium-induced inteuin-mediated cell-cell adhesion 
The cadherins were not the only type of adhesion protein which translocated to sites of 
cell-cell adhesion in response to high extracellular Ca. Some integrins, including the 
PI -subunit and the a2 and a3-subunits (not shown) were found to behave similarly. This 
is consistent with the role proposed for the integrins in partially mediating keratinocyte 
intercellular adhesion (Symington et aL, 1993) under conditions where cadherin- 
mediated cell-cell adhesion is suppressed (Tenchini et aL, 1993). Integrin-mediated 
adhesions of this type may have a different influence on cell behaviour from adhesion to 
extracellular matrix as they are thought to involve direct interactions between integrins 
in the absence of the normal ECM ligand (Symington et aL, 1993)., It is possible that 
the ligand with which the integrin interacts may determine the response of the cell to the 
formation of the adhesion. Whilst the influence this form of integrin-mediated adhesion 
has on cell behaviour remains unknown, this type of adhesion is present between the 
keratinocytes of the basal layer of the epidermis and may influence keratinocyte 
behaviour in that location (Peltonen et aL, 1989). 
The loss of integrin function is a feature of keratinocyte differentiation and may 
contribute to the expulsion of cells committed to differentiation from the basal layer of 
the epidermis (Hotchin et d, 1995; Watt et aL, 1988). However, an increase in Pj- 
integrin protein levels was seen in response to high extracellular Ca++ which may be a 
109 
consequence of the formation of integrin-mediated cell-cell adhesions. At later times, 
the decline in the overall abundance of the P -subunit may reflect the degradation of this 
protein in differentiating cells during the stratification process. It is important to note 
that immunoblotting provides no information about the function of the Pi-integrin 
whose function may be altered without any apparent changes in abundance in these 
cells. 
6.7.4 Calcium-induced intermediate filament rearraneements 
The rearrangement of the K14-containing intermediate filaments in response to high 
extracellular Ca' indirectly indicates that the assembly of desmosomes, another form of 
intercellular adhesion, may be taking place. It is reported that the function of the 
classical cadherins (E- and P-cadherin in this case) is required for desmosomal assembly 
in this cell type (Lewis et al., 1994b) and therefore, the assembly of desmosomes may 
be a later event than the formation of E- and P-cadherin mediated junctions. 
6.8 SUMMARV 
The data presented in this chapter indicate that high extracellular U' significantly 
incieases the proportion of differentiated keratinocytes in a subconfluent culture, and 
that the differentiation process induced has some similarities with in vivo differentiation. 
The responses induced by high extracellular Ca++ mimic the basal to spinous to granular 
layer transition. The granular to cornified layer transition can subsequently be 
approximated by treatment with ionomycin. It is also clear that the mechanism by 
which high extracellular Ca' concentrations induces differentiation is unlikely to 
require the breaking of cell-matrix contacts (stratification). There is indirect evidence 
that a factor which may contribute to the induction of differentiation is the formation of 
intercellular adhesions, which precedes the expression of differentiation-specific 
proteins. However, alternative mechanisms for the induction of differentiation cannot 
be excluded at this stage The experiments described in the following two chapters 
investigate the induction of in vitro keratinocyte differentiation by high extracellular 
Ca ++ concentrations in more detail. 
110 
CHAPTER 7 
'I'll F KERATINOCYTE CELL CYCLE AND 
7.1 PURPOSE 
The data presented in the previous chapter indicate that a potential origin ofthc signal 
which initiates differentiation in response to high extracellular Ca" concentrations is 
the formation of intercellular adhesions. However, an alternative response to Ca'' 
which could initiate differentiation is cell cycle withdrawal, an event which precedes the 
expression of differentiation-specific proteins in keratinocytes deprived of cell-rnatrix 
and cell-cell contacts in vilro and during in vivo differentiation (Weinstein and Vail 
Scott, 1965-, Watt et al., 1988). It has been suggested that high extraccIlular Ca'' 
concentrations induce inurine keratinocyte differentiation indirectly, by causing 
irreversible growth arrest (Glick el al., 1990). The purpose of the experiments described 
in this chapter is to examine the effects of extracellular Ca++ oil keratinocyte cell-cycle 
progression and to evaluate the role these effects may play in the initiation of' 
dillcrentiation. 
7.1.1 The cell cycle 
The cell cycle, cncompassing the events undergone by proliferating cells between 
successive divisions, is subdivided into a series of phases which are depicted in the 
schematic diagram below. 
The cell cvcle 
G (Gi 
Go 
Before division, cells are in the G, (Ist gap)-phase of the cell cycle, which varies 
considerably in length according to cell type and growth conditions. This phase is 
followed by the S (synthetic)-phase during which the cell duplicates its DNA in 
preparation for division. The S-phase is followed by the second gap phase (G2) which 
precedes mitosis (M), the stage where cytokinesis occurs, producing two daughter cells. 
Under some circumstances, cells may enter a state of reversible growth arrest, or 
quiescence, from the GI phase (Pardee, 1974). This is the Go-phase and is represented 
in grey on the diagram. 
7.1.2 The cell cvcle and keratinocvte differentiation 
In many systems, differentiation and proliferation (progress through the cell cycle) are 
mutually exclusive processes and the cells must cease to proliferate, often in the G, 
phase, before differentiation can begin (Scott et aL, 1982). Furthermore, it has been 
proposed that Caý+-induced murine keratinocyte differentiation involves irreversible 
growth arrest (Glick et aL, 1990). The effects of extracellular Ce+ on keratinocyte 
proliferation have been reported previously with some authors reporting faster growth in 
high extracellular Ca++ (Al-Ani et aL, 1988; Boyce and Ham, 1983) and some reporting 
faster growth in low extracellular CP (Pillai et aL, 1988a; Hawley-Nelson et aL, 1980). 
Some of these inconsistencies may partly result from the different techniques used to 
measure keratinocyte proliferation in vitro. In particular, analyses based on the uptake 
ofexogenous 3 H-thymidine into DNA are likely to be misleading as the rate Of3 H- 
thymidine incorporation does not correlate directly with the changes in keratinocyte 
number (Al-Ani et aL, 1988; Davison et aL, 1979). This anomaly may be a 
consequence of keratinocytes utilising the thymidine salvage pathway variably (Clausen 
et aL, 1983) and results in an underestimation of the proliferation rate measured by 
thymidine uptake in the presence of high extracellular CP (e. g., Pillai et aL, 1988a). 
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7.2 THE EFFECTS OF CALCIUM ON KERATINOCYTE PROLIFERATION AND DETACHMENT 
7.2.1 Keratinocyte proliferation is unaffected by high extracellular calcium 
To investigate the effects of Caý+ on keratinocyte proliferation, cells were seeded in 
LKGM. After 24 hours the medium was replaced either with fresh LKGM or with 
HKGM and was replaced daily thereafter. At daily intervals, the number of adherent 
cells at each Ca++ concentration was counted (Figure 24). These data show that there 
was no appreciable difference between the proliferation rates of subconfluent 
keratinocytes grown in 0.03mM and ImM extracellular Caý+ for up to 7 days. Thus, the 
number of attached keratinocytes was not substantially affected by the extracellular Ce+ 
concentration. 
7.2.2 Keratinocyte detachment is reduced by high extracellular calcium 
Cell detachment in low and high extracellular Ca++ was measured so that the effect of 
cell loss from the monolayer on keratinocyte number could be evaluated. Cells were 
seeded and after 24 hours the medium was replaced with either fresh LKGM or HKGM. 
After four days, the number of detached and attached cells was determined (Figure 25). 
At no time did the cells approach confluence during these experiments. When the cells 
were grown in HKGM (Figure 25 a, red bar), there was a slightly larger number of 
attached cells compared with the number present after growth in LKGM (green bar), 
consistent with the data presented in section 7.2.1 
Extracellular Ca++ concentration had a proportionally greater effect on the number 
of detached cells (Figure 25 b- note that the y-axes of chart a and chart b are plotted on 
different scales), with a lower rate of cell detachment in HKGM compared with LKGM. 
However, under both growth conditions the proportion cells of that was detached was 
very low, corresponding to 1% or less, of the total. This is a much smaller proportion 
than was reported by Pillai et al., (1998a) who showed that 25% of cells maintained in 
low extracellular U' were detached. However, their analyses were performed five 
days after the monolayer had reached confluence and therefore cannot be compared 
directly with the data presented here. Thus, when keratinocytes were maintained in a 
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Figure 24 
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Fizure 24 
The effect of extracellular calcium on keratinocyte proliferation 
The number of adherent keratinocytes per 25cm2 tissue culture flask was monitored at 
daily intervals after seeding the flasks at the same initial density in LKGM and then after 
24 hours (t = 0), maintaining in LKGM (green line) or switching to HKGM (red line). 
The cells were subconfluent at all times during this experiment. 
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Figure 25 
The effect of extracellular calcium on keratinocyte detachment 
The number of adherent (a) and detached (b) keratinocytes was measured after four days 
growth in 0.03mM (green) or ImM extracellular CP (red). The growth medium was 
not replaced during this experiment. 
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subconfluent condition, the proportion of cells that were detached was small and was 
decreased still further by high extracellular Ca'. 
7.3 HIGH EXTRACELLULAR CALCIUM DOES NOT PERTURB THE KERATINOCYTE CELL 
CYCLE 
In the experiments designed to evaluate the effects of extracellular Ce+ on the 
proliferation rate of adherent keratinocytes, the CP concentrations tested appeared to 
have no major effect (section 7.2). To extend these observations, the proportion of cells 
in each phase of the cell-cycle before, and at various times after, switching to high 
extracellular Ca++ was determined. Subconfluent keratinocytes were grown in LKGM 
or HKGM for up to 4 days, with daily replacement of the growth medium, and were 
then harvested, fixed and the DNA stained with propidium. iodide for analysis by flow 
cytometry (section 5.3). 
The DNA histograms obtained from these analyses did not show any major 
differences between cells maintained in 0.03mM extracellular Ca++ (Figure 26 a) and 
cells that had been maintained in I mM extracellular Cd'+ for 4 days (Figure 26 b). The 
GO/GI population appears slightly larger in the culture maintained in high extracellular 
Ca++ (b), and the S- and G2/M populations appear to be slightly reduced. Detailed 
computer analysis of these flow cytometry data (Figure 26 c) shows that when 
keratinocytes were maintained as a subconfluent monolayer in LKGM, 54% were in the 
GOIGI phase, 24% in S-phase and 22% in G2/M phase at the time of fixation. These 
values are in general agreement with the data presented by Wille et aL, (1984) - 52% in 
GOIGI, 26% in S-phase and 22% in G2/M- Switching to HKGM caused only modest 
alterations in the cell cycle distribution of the culture. One day after switching to 
HKGM, there was a small increase in the S-phase population, at the expense of the 
GOIGI and G2/M phases. After 4 days in lmM extracellular W+, the GO/Gi population 
was slightly larger than in cultures maintained in LKGM, mainly at the expense of the 
G2/M phase. These data contradict those of Al-Ani et aL, (1988) who showed that the 
proportion of keratinocytes in the GI-phase of the cell cycle was decreased in high 
extracellular Ca++, whilst the proportion of the cells in the S-phase was increased. Their 
studies were performed in serum-containing medium in the presence of feeder cells 
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Figure 26 
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Figure 26 
The cell-cycle distribution of keratinocytes grown in low and high extracellular 
calcium 
Flow cytometric data depicting the DNA content of cells maintained in 0.03mM or 
ImM extracellular Ca' for 4 days (a and b). These histograms show cell number (Y- 
axes) plotted against DNA content (x-axes, labelled FL2-H) Computer analysis of DNA 
content showing the proportion of cells in each phase of the cell cycle at various times 
after switching to I mM extracellular Caý+ (c). 
The cell cycle distribution of keratinocytes grown in low 
and high extracellular calcium 
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and may illustrate an important difference between the serum-containing and serum-free 
culture systems. Thus, the cell-cycle data presented in this chapter do not support the 
hypothesis that high extracellular Ca++ induces cell-cycle arrest. 
To exclude the possibility that any cells with abnormal DNA content were gated 
out of the analyses by the flow cytometer software, the same samples were also analysed 
using forwards scatter to identify all the cells in the sample, rather than analysing only 
those cells with normal DNA content. This analysis showed that there were no cells 
present containing fragmented DNA nor were there appreciable numbers of cells with 
>2n DNA (not shown). 
7.4 DISCUSSION 
7.4.1 Calcium-induced differentiation is not mediated by reduced cell detachment 
A possible explanation for the increased proportion of differentiated cells that is seen in 
high extracellular Ca++ is that spontaneously differentiated cells detach in low 
extracellular Caý+ but are retained at higher Ca++ concentrations (Drozdoff and Pledger, 
1993). If this is true, the rate of commitment to differentiation need not be altered to 
increase the proportion of differentiated cells in high extracellular Ce+, only the rate of 
detachment. The experiments described in section 7.2 show that the number of 
detached cells was indeed higher in low extracellular Caý+, although the proportion of 
cells that was detached under both conditions was small. These observations contradict 
the findings of Pillai et aL, (1988a), who showed that in subconfluent low Ca++ cultures 
(O. ImM W) 25% of the cells were detached. However, as was noted in section 7.2.2, 
these analyses were performed on cultures which had attained confluence five days 
previously. These authors also showed when these post-confluent cultures were 
maintained in high extracellular Ca++, the proportion of cells that was detached was only 
3%. Taken together, these observations indicate that extracellular CP has a very 
modest effect on cell detachment under subconfluent conditions but a much greater 
effect on post-confluent cultures. 
In the experiments comparing keratinocyte detachment in low and high 
extracellular Ca++, the number of detached cells was determined after 4 days without 
changing the culture medium, so all the cells detached over this period should be present 
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in the medium. However, this makes the assumption that all the detached cells 
remained sufficiently intact that they were counted at the end of the experiment. 
Normal epithelial cells that are detached from the extracellular matrix undergo 
apoptosis, a phenomenon known as anoikis (Frisch and Francis, 1994). This is also true 
for keratinocytes which exhibit degraded DNA and reduced levels of the BCl'XL protein 
when treated in this way (Rodeck et aL, 1997). Since it is not clear exactly how long a 
detached keratinocyte might remain physically intact, the actual number of cells 
detaching over the duration of the experiment cannot be accurately determined, although 
no debris was observed in these cultures suggesting that the fragmentation of detached 
cells did not occur to any great extent. Nonetheless, the experiment showed that the 
detachment rate was higher in low extracellular Ca++ but that it was insufficient to 
substantially influence the number of attached cells. Thus, the data presented in section 
7.2.2 are not consistent with the apparent induction of differentiation by extracellular 
CP being a consequence of the retention of spontaneously differentiated cells that are 
preferentially shed in low extracellular Ce+. 
7.4.2 Calcium-induced differentiation is not mediated by cell-cycle withdrawal 
The cell cycle analyses performed on keratinocytes grown in low and high extracellular 
Caý+ (section 7.3) show that high extracellular CP did not cause the cells to 
accumulate in any part of the cell cycle. Some small changes in the cell cycle 
distribution were apparent, with a small increase in the proportion of cells in the G, 
phase of the cell cycle and small decreases in the S and G2/M phases over the 4-day 
duration of the experiment. These data contradict the findings of Al-Ani et aL, (1988) 
who showed a decreased Gi population after incubation in high extracellular Ca++. The 
reason for the difference is not clear but may reflect a difference between the serum- 
containing and serum-free systems. In particular, there may be a different range of 
growth factors and matrix components available to the keratinocytes in the two systems 
which could affect their responses to extracellular Ca++. The subtle changes which were 
observed in the experiments presented in this chapter do not support the hypothesis that 
the specific arrest of a significant proportion of the cells in a particular phase of the cell 
cycle is a component of the CP-induced differentiation process. However, there are a 
number of possible scenarios with which these data are consistent. 
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Firstly, cell-cycle arrest may indeed precede differentiation, but could occur 
equally in all parts of the cell-cycle. This would not alter the cell-cycle profile of the 
culture overall but would result in a reduced proliferation rate. However, the cell 
proliferation data (section 7.2.1) clearly show that this is not the case. A second 
possibility is that high extracellular Ce+ has opposite effects on different cells in the 
culture. Some cells could growth arrest in different parts of the cell cycle and then 
differentiate whilst others might proliferate at an increased rate such that overall, the 
proliferation rate of the culture as a whole was not altered. No data in support of this 
hypothesis were obtained. The third possibility is that growth arrest does not precede 
differentiation under these culture conditions and that keratinocytes begin to acquire 
envelope competence whilst proliferating, only halting proliferation at a much later 
stage of the differentiation process. This situation would represent a deviation from the 
normal in vivo situation, although under certain circumstances keratinocytes can both 
proliferate and show features of differentiation simultaneously. For example, suprabasal 
proliferation is seen in psoriatic epidermis (Weinstein and Van Scott, 1965) in 
keratinocytes that concurrently express differentiation-specific proteins, although 
differentiation is not entirely normal (Bernard et aL, 1988; Michel et aL, 1992). 
Keratinocyte culture systems such as this and the Rheinwald and Green serum- 
containing system (section 3.1.1) may represent epidermis undergoing regeneration after 
wound healing more closely than normal adult epidermis. Under these conditions, 
enhanced migration occurs and the relationship between proliferation and differentiation 
may be altered. Indeed, keratinocytes grown in this culture system show some 
indications that they are hyperproliferative and express keratin K16 (section 1.2.213, not 
shown). Nonetheless, these observations show that cell-cycle withdrawal is not an 
absolute prerequisite for keratinocyte differentiation. 
Agents that cause cell-cycle arrest in keratinocytes without cytotoxicity do not 
necessarily induce differentiation. Transforming growth factor-P (TGFP) is a potent 
inducer of cell-cycle arrest in the GI-phase of cultured keratinocytes (Shipley et aL, 
1986) but causes a decrease in differentiation (involucrin expression) if used in 
conjunction with low Caý+ medium, demonstrating that cell-cycle arrest does not 
directly induce differentiation (Matsumoto et aL, 1990) under these conditions. Thus, 
the differentiation program and cell-cycle withdrawal are separable processes in 
keratinocytes. 
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7.4.3 Hiah extracellular calcium does not induce apoptosis 
Keratinocytes in the spinous and granular layers of adult epidermis show some features 
of apoptosis, and it has been proposed that keratinocyte differentiation represents a 
specialised form of apoptosis (Polakowska et al., 1994). This is consistent with the 
studies performed using suspension culture to induce differentiation, a stimulus which 
also induces apoptosis in keratinocytes (Rodeck et al., 1997), indicating that the two 
processes of apoptosis and differentiation may be closely linked. Thus, it is possible 
that stimuli which induce apoptosis may also induce aspects of differentiation and vice 
versa However, it should also be noted that there are reports that these two processes 
are not directly interdependent in keratinocytes (Mitra et al., 1997). Although the 
occurrence and potential role of apoptosis were not investigated directly as a part of this 
study, the flow cytometry data indicated that at no stage was fragmented (sub-GI) DNA 
present in keratinocyte cultures maintained in low or high extracellular Ca++ (Figure 26 
a and b). Since DNA fragmentation is a characteristic feature of apoptosis (Duke et al., 
1983; Afanas'ev et al., 1986), these data indicate that high extracellular Ca++ does not 
induce apoptosis under these conditions. 
7.5 SUMMARV 
The data presented in this chapter indicate that high extracellular Caý+ does not 
indirectly induce keratinocyte differentiation by causing irreversible cell cycle arrest. 
Furthermore, growth arrest does not appear to be a critical component of the 
differentiation process under these conditions. The presence of a higher proportion of 
differentiated cells in the presence of high extracellular Cd' is not a consequence of the 
retention of spontaneously differentiated cells which would normally detach in low 
extracellular Ce+, nor is it a consequence of the induction of apoptosis by Caý+. Thus, 
the formation of cell-cell adhesions may be the response to extracellular Ca++ which 
initiates differentiation and will be further investigated in the next chapter. 
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CHAPTER 8 
CELL-CELL ADHESION AND THE CONTROL OF 
DIFFERENTIATION 
8.1 PURPOSE 
In chapter 6, indirect evidence that the formation of intercellular adhesions preceded 
keratinocyte differentiation was presented. The experiments described in this chapter 
were designed to test the hypothesis that the formation of cadherin-mediated adherens 
junctions initiates the in vitro keratinocyte differentiation program in response to high 
extracellular Ca++. To achieve this, two complementary approaches were taken to 
separate the effects of high extracellular Ce+ concentrations and the effects of junction 
formation. The first of these involved clustering cell-surface E-cadherin in low 
extracellular Ca+ to mimic the formation of adhesions and the second entailed 
suppressing the formation of cadherin-mediated adhesions in the presence of high 
extracellular Ca++. 
8.2 ANTIBODY-MEDIATED CLUSTERING OF CELL-SURFACE E-CADHERIN 
8.2.1 Cell-surface E-cadherin and RI-integrin can be clustered using antibodies 
In order to recreate some aspects of the formation of adherens junctions without 
elevating the extracellular Ca++ concentration, an antibody-mediated technique adapted 
from Kornberg et aL (1991) was used to cluster cell surface E-cadherin in 0.03mM 
extracellular Ca++. The effect of the formation of these pseudoadhesions on the 
expression of differentiation-specific proteins by adherent keratinocytes was then 
examined. The clustering technique involved firstly binding the anti-E-cadherin rat 
monoclonal antiserurn, DECMA-1, to the extracellular portion of cell-surface E- 
cadherin. This stage was performed on chilled cells to prevent the cadherin-antibody 
complex from being internalised during the procedure. After washing away the 
unbound DECMA-1, goat anti-rat antiserurn was added to cluster the cadherin- 
DECMA-I complexes and the cells were returned to a 37C incubator. A cell treated in 
this way is depicted schematically in Figure 27 a. Confirmation that E-cadherin 
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clustering had been achieved was obtained by staining the cells with a mouse anti-E- 
cadherin antiserum which recognises the intracellular domain of E-cadherin and then 
visualising this antibody by confocal immunofluorescence microscopy (Figure 27 b). 
As is apparent in the image, the clustering technique resulted in the aggregation of E- 
cadherin into discrete patches on the cell surface which were often circular in shape, a 
staining pattern which contrasts with that seen in untreated cells (Figure 16 a) Not all 
the aggregates present on the surface of the cells are visible as some are outwith the 
plane of focus of this confocal image. Thus, E-cadherin can be clustered on the surface 
of adherent keratinocytes in low extracellular Ce+. 
The data presented in chapter 6 indicated that integrin-mediated cell-cell contacts 
were also formed in response to high extracellular CP. Therefore, the 01-integrin 
subunit was clustered on the cell surface in low extracellular CP in the same way as 
described for E-cadherin. Figure 27 c shows a small group of cells stained for the Pj- 
integrin subunit after the clustering process had been performed. A number of discrete 
clusters of this integrin were visible on the cell surface, similar to those shown in 
Kornberg et aL (1991), in contrast to the diffuse staining pattern seen on untreated cells 
(Figure 21 a). Thus, Pi-integrin can be clustered on the surface of adherent 
keratinocytes in low extracellular Ca++. This integrin clustering provided a valuable 
control for the E-cadherin clustering as both of the first antisera are rat monoclonal 
antibodies of the same immunoglobulin subclass, permitting the use of the same 
secondary antibody for both clustering procedures. 
For the clustering experiments, control cells were treated with the different 
antibodies used for clustering individually, i. e. DECMA-1 with no second antibody, or 
goat anti-rat alone. These control treatments did not result in the aggreagation of E- 
cadherin or PI-integrin into patches on the cell surface (not shown), indicating that the 
staining patterns shown in Figure 27 b and c were specific to cells treated to cluster E- 
cadherin or PI-integrin. 
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Figure 27 
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Fizure 27 
Antibody-mediated clustering of cell-surface molecules 
This figure shows a schematic representation summarising the technique used to cluster 
cell-surface E-cadherin or PI-integrin (a) and confocal immuno fluorescence 
micrographs of cells treated to cluster E-cadherin (b) and PI-integrin (c) in this way. 
The antisem used for staining these cells were mouse anti-E-cadhcrin (clone #36) and 
rat anti-PI-integrin (mAb 13) diluted 1: 250 and 1: 100 respectively and visualiscd with 
FITC anti-mousc or FITC anti-mt. The scale bars represent 25gm. 
Antibody-mediated clustering of cell-surface molecules 
a. schematic representation of the clustering process 
DECMA- 
E-cadherin or 
b. clustered 
E-cadherin 
c. clustered 
pi -integrin 
8.2.2 E-cadherin clustering induces involuerin and TGk expression 
In order to determine the effects of E-cadherin and PI -integrin clustering on keratinocyte 
differentiation, cells growing on chamber slides were treated to cluster either E-cadherin 
or PI-integrin as described above, washed to remove excess anti-rat antiserum and then 
incubated in antibody-free LKGM for 4 days. During this time, the cells did not reach 
confluence. At the end of this 4 day period, the cells were fixed and stained for 
involucrin or TGk using the immunoperoxidase method (section 5.12). 
After staining for the expression of involucrin and TGk, numerous random fields 
were photographed using a phase-contrast microscope and these photographs were then 
used to calculate the proportion of cells expressing involucrin or TGk. These data are 
presented in Figure 28 with chart a summarising the data for involucrin and chart b 
summarising the data for transglutarninase. In both charts, only the cells represented by 
the first column (shown in red) have been treated to cluster E-cadherin, with the blue 
columns representing cells treated to cluster the Pi-integrin subunit and other controls. 
The precise combinations of antibodies used are shown below each chart. 
When no antibodies were added to the culture medium, very few cells were 
stained for involucrin or transglutarninase 4 days later (Figures 28 a and b). Similarly, 
treating the cells with DECMA-I or mAb 13 alone had no effect on the proportion of 
cells which stained strongly for involucrin or TGk under these subconfluent growth 
conditions. The a2p, and CCA integrins; are important mediators of cell-matrix 
interactions in keratinocytes (Carter et aL, 1990a) and yet treating the cells with mAb 
13, which blocks Pi-mediated adhesion (Akiyama et aL, 1989) did not induce cell 
detachment (not shown). In addition, treatment with goat anti-rat antiserum alone had 
no effect on the proportion of cells expressing either involucrin or TGk. When cells 
were treated to cluster the PI-integrin subunit, no increased staining for involucrin or 
transglutaminase was observed (data not shown for transglutaminase). 
Clustering E-cadherin increased the proportion of cells which stained for 
involucrin and TGk. For involucrin, E-cadherin clustering resulted in almost 60% of the 
cells staining for this differentiation-specific protein, corresponding to a 3.5-fold 
increase over the control cells. The proportion of cells strongly expressing TGk in 
response to E-cadherin clustering was lower at 35%, but this corresponded to a Mold 
increase over the control level, reflecting the lower basal levels of TGk expression in the 
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control cells. Thus, clustering cell-surface E-cadherin in adherent keratinocytes 
maintained in low extracellular Ca++ increased the proportion of cells expressing 
involucrin and transglutarninase whereas clustering PI -integrin did not. 
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Figure 28 
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Fizure 28 
Involucrin and transglutaminase induction by E-cadherin clustering 
Summaries of the quantification of the proportion of cells strongly staining for 
involucrin (a) or TGk (b) after antibody-mediated clustering of E-cadherin (red column) 
or control treatments (blue columns). For each chart, between IX 104 and 2x 104 cells 
were counted on photographs which had been randomly relabelled by an independent 
observer so that the counting was performed blind. Each column represents the mean 
of four or more samples, + SEM. 
Phase-contrast photomicrographs showing adherent keratinocytes stained for 
transglutarninase 4 days after antibody-mediated clustering of E-cadherin (c), or 
treatment with first antibody alone (d) or after no antibody treatments (e). The antiserum. 
used was anti-transglutaminase, mAb B. CI diluted 1: 1000. Scale bars represent 
200ptm. 
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8.3 INHIBITION OF ADHERENS JUNCTION FORMATION USING SYNTHETIC PEPTIDES 
A complementary approach to the cadherin clustering experiments was to suppress the 
formation of cadherin-mediated adherens junctions in the presence of high extracellular 
Ca++. These experiments were designed to test the hypothesis that it is the formation of 
the adherens junctions in response to high extracellular Ce' that initiates 
differentiation, rather than some other cellular response to this stimulus. 
8.3.1 The cadherin-blocking synthetic peptides 
The method adopted to interfere with cadherin-mediated cell-cell adhesion was to treat 
the keratinocytes with synthetic peptides designed to compete with the initial 
interactions between cadherins. The blocking decapeptide used for these studies 
(LRAHAVDVNG-amide) contains the conserved HAV sequence (section 2.2.2), and is 
identical to the peptide described by Blaschuk et aL, (1990) which interferes with E- 
cadherin and N-cadherin mediated adhesion. The peptide is homologous to one of the 
P-strands (the F-strand) of the EC-I domain of avian N-cadherin (Figure 29), believed 
to be the site where the initial recognition between cadherins on opposing cells takes 
place. The amino acids shown in parentheses in Figure 29 are the corresponding 
residues in human E-cadherin, of which 60% are identical to those of avian N-cadherin. 
A control peptide (VIPPINLPEN-amide), identical to the control peptide used by 
Blaschuk et aL, corresponds to a sequence of avian N-cadherin that is not believed to 
participate in the adhesion process. 
8.3.2 Cadherin-blocking peptides suppress calcium-induced differentiation 
To investigate the effects of preventing the formation of cadherin-mediated adherens 
junctions in high extracellular Ca' on the expression of differentiation-specific 
proteins, the following approach was taken. Adherent keratinocytes maintained in 
LKGM on chamber slides were treated with blocking or control peptide at a 
concentration of 0.2mg/ml for 30 minutes and were then either switched to HKGM or 
maintained in LKGM. The cells were then maintained in LKGM/HKGM in the 
presence of control or blocking peptide (replaced daily) for 4 days and were then fixed 
and stained for transglutaminase using the immunoperoxidase method. 
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Figure 29 
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Fizure 29 
Derivation of the cadherin-blocking peptide 
This figure shows a representation of N-cadherin showing the localisation of P-strand F 
(PF) and the portion of this which was synthesised to produce a peptide capable of 
blocking cadherin function (N denotes the amino-terminus, TM denotes the 
transmembrane domain and C denotes the carboxy terminus). The three conserved 
residues (H 79A 8OV81) that are believed to comprise the cadherin recognition sequence 
are indicated in bold font. In murine E-cadherin, which is highly homologous to avian 
N-cadherin in this region, it is predicted that HiS79 and Val" are solvent-exposed 
(Overduin et aL, 1995). The amino acid residues indicated are those present in avian N- 
cadherin and the synthetic peptide whilst those given in parentheses are the 
corresponding residues present in human E-cadherin. 
Derivation of the cadherin-blocking peptide 
N-cadherin PF-strand 
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Se r)" 
p (Ser )82 
fal (Val)81 
Ala (Ala)80 
His (H iS)79 
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Leu (Leu )76 
C 
Glv (GlvP 5 
When treating keratinocytes with the blocking peptide, it was found that the 
peptide was insufficient to disrupt pre-existing cell-cell adhesions (not shown) which 
form in 0.03mM extracellular Caý+ if the cells are allowed to reach high density (section 
8.4.2). Thus, to enable the peptide to successfully prevent cell-cell adhesion, the cells 
were maintained at low density prior to the addition of the peptide. 
The effects of blocking the formation of cell-cell adhesions on transglutaminase 
expression are shown in Figure 30. Keratinocytes that were maintained in low 
extracellular Ca++ in the presence of control peptide (Figure 30 b) or blocking peptide 
(Figure 30 a) had a very similar appearance and expressed low levels of TGk. 
Keratinocytes incubated in high extracellular Ce+ for 4 days in the presence of control 
peptide showed normal aggregation, stratification and increased expression of TGk in 
response to high extracellular Ca++ (Figure 30 d), indicating that the control peptide did 
not hamper the induction of these events by high extracellular W* concentrations. 
However, when the blocking peptide was used in conjunction with high extracellular 
Ca', very few cells expressing TGk were seen (Figure 30 c). Furthermore, the 
processes of aggregation and stratification were also suppressed by the blocking peptide. 
Taken together, these experiments using the blocking peptide indicate that high 
extracellular Ca++ concentrations are insufficient to induce keratinocyte differentiation 
in the absence of cadherin-mediated intercellular adhesion. 
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Figure 30 
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FiL, ure 30 
Transglutaminase expression in cells treated with cadherin-blocking peptides 
Phase-contrast photomicrographs of adherent keratinocytes stained for transglutarninase 
using the immunoperoxidase method after maintaining in low extracellular Ca++ (a and 
b) or in high extracellular Ca++ for a period of 4 days (c and d). The cells shown in 
panels a and c were treated with cadherin-blocking peptide for the duration of the 
experiment whilst the cells shown in panels b and d were treated with control peptide. 
The peptides were used at a concentration of 0.2mg/ml and were added to the cells 30 
minutes before switching to ImM extracellular Ca++ where appropriate. The culture 
medium and peptide were replaced daily. The antiserurn used was mAb B. Cl diluted 
1: 1000. Scale bars represent 200gm. 
Transqlutaminase expression in cells treated 
with cadherin blocking peptide 
a. low extracellular 
calcium, blocking peptide 
b. low extracellular 
calcium, control peptide 
c. high extracellular 
calcium, blocking peptide 
d. high extracellular 
calcium, control peptide 
. 
cj 
c. 
. 
b" 
.0.. -. '4 ., 61 : l. . 06 - 0D. w. * 
: 0, %. 44. - 
44 .. 4lk 1. *d . t' lb 
die. .. 0, 
t. 4 . '. 0 0% lE 
0 
.. 1. 
': . --- , *0, # * . ... ., .. . - ,. , 
t 
.-S. 
- 
-* 
; 
'-_.. 
".. 
.., Z , -P, 
"ýI. - I . 
". " 
Ll 
v 
--l' 
- AO ., ý, 
r,, 
8.4 HIGH CELL DENSITY AND KERATINOCYTE DIFFERENTIATION 
8.4.1 Hh! h cell densitv induces increased involucrin expression 
The experiments described in sections 8.2 and 8.3 were performed using cells that were 
never allowed to reach confluence, as previous studies have indicated that prolonged 
growth at high density can induce differentiation, even in low extracellular Caý' 
(Poumay and Pittelkow, 1995; Pillai et al., 1988a). Since low extracellular CP 
conditions are thought to suppress cadherin-mediated cell-cell adhesion, this observation 
indicates that differentiation induced by high cell density may be initiated in a cadherin- 
independent manner. To investigate the relationship between cell-cell adhesion and 
high density-induced differentiation, involucrin expression and subcellular cadherin 
localisation were determined in post-confluent keratinocytes maintained in LKGM. 
Keratinocyte cultures were allowed to reach confluence in low extracellular CP and 
were maintained for a further 5 days with daily medium replacement. These cultures 
were propagated in amino acid-enriched LKGM (section 4.11.1) to minimise the 
possibility of nutrient depletion. Protein extracts were prepared from post-confluent 
cultures at daily intervals and were immunoblotted for involucrin (Figure 3 1). Similar 
experiments were performed on cells grown on chamber slides to allow involucrin 
immunoperoxidase staining to be carried out (Figure 32). 
Immunoblotting showed that maintaining keratinocytes at high density in low 
extracellular Caý+ (Figure 31 a) induced the expression of involucrin to a similar extent 
as treatment with high extracellular CP (Figure 31 b). The kinetics of involucrin 
induction by these two stimuli are difficult to compare as keratinocytes grown under 
these conditions did not attain confluence simultaneously, with some areas of cells 
reaching confluence before others. However, these data show that prolonged culture at 
high density provides a stimulus that is able to induce involucrin expression similar to 
I mM extracellular Ce+. 
Occasional spontaneously differentiated cells which stained for involucrin were 
present in subconfluent cultures maintained in LKGM (Figure 32 a, arrow). However, 
five days after confluence was attained, a much larger proportion of the cells stained 
strongly for involucrin, confirming the data obtained by immunoblotting (Figure 32 b). 
The cells which stained for involucrin were generally larger than their non-differentiated 
counterparts, whether differentiation was spontaneous or induced by high culture 
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density. No stratification (section 6.4) was seen in cultures where the keratinocytes 
were induced to differentiate by prolonged culture at high density although occasional 
weakly attached rounded cells were sometimes visible on the upper surface of the 
monolayer (Figure 32 b, arrow). These are likely to represent cells physically forced 
away from the substrate by their neighbours. Thus, prolonged growth at high density is 
sufficient to induce involucrin expression in a large proportion of the cells, consistent 
with a role for cell-cell contact in the induction of differentiation. 
8.4.2 High cell density induces the formation of adherens junctions in low 
extracellular calcium 
To investigate the effects of enforced cell-cell contact induced by high cell density on 
intercellular adhesion, post-confluent keratinocytes were stained for E-cadherin as 
described in section 6.5.1. The cells were maintained in amino-acid enriched LKGM 
(section 4.11.1) for 5 days after confluence was attained before staining. Even though 
these cells were maintained in low extracellular CP throughout the experiment, 
extensive staining for E-cadherin was seen at cell-cell contact areas (Figure 33) although 
the staining intensity was weaker than that induced by high extracellular Caý+ (Figure 
16). Thus, high culture density in low extracellular CP is sufficient to induce the 
relocalisation of some E-cadherin to sites of cell-cell contact consistent with a role for 
E-cadherin in mediating high density-induced differentiation. 
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Figure 31 
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Fi2ure 31 
Prolonged high cell density induces involucrin expression 
Immunoblots for involucrin prepared using proteins extracted using CSK buffer (section 
4.11.2) from keratinocytes grown to confluence and maintained post-confluence (a) for 
the times indicated or treated with high extracellular Ca' (b). The antiserum used was 
anti-involucrin rabbit polyclonal, diluted 1: 500. 
Prolonged high cell density induces involucrin expression 
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Figure 32 
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Fizure 32 
Prolonged high cell density induces involucrin expression 
Phase-contrast photomicrographs of adherent keratinocytes grown in 0.03mM CP at 
low density (a) or 5 days after reaching confluence (b) stained for involucrin by the 
immunoperoxidase method. The antiserum used was anti-involucrin rabbit polyclonal, 
diluted 1: 5. Scale bars represent I 00ýLrn. 
Prolonged high cell density induces involucrin expression 
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Figure 33 
136 
Fizure 33 
The localisation of E-cadherin in post-confluent cells maintained in low calcium 
A confocal immunofluorescence image of post-confluent adherent keratinocytes stained 
for E-cadherin after growth in 0.03mM extracellular calcium. The antisera used was 
mouse anti-E-cadherin (clone #36) diluted 1: 250. The scale bar represents 25ýLrn- 
The localisation of E-cadherin in post-confluent cells 
maintained in low calcium 
8.5 DISCUSSION 
8.5.1 A potential role for the cadherins in differentiation induced bV high cell 
densi 
Differentiation was induced by prolonged culture at high density in low extracellular 
Ca++, ostensibly implying that the formation of Caý+-dependent adhesions does not play 
a direct role in the initiation of differentiation by this mechanism. To our surprise, when 
cells grown to high density in 0.03mM Caý+ were stained for E-cadherin or the P1, CC2 or 
CC3 integrin subunits, staining of the cell-cell contacts for all these proteins was observed 
(not shown for the integrins). This indicates that high extracellular Caý+ concentrations 
are not necessarily required for the formation of cadherin-mediated cell-cell adhesions, 
nor for the relocalisation of keratinocyte integrins to sites of cell-cell contact. In low 
extracellular Ce+, the E-cadherin staining was less intense than was seen in cells 
switched to HKGM possibly indicating that the adhesions formed under high density 
(low Ce) conditions are weaker than those formed in HKGM, although this was not 
tested. Such adhesions may be stabilised by the restricted cell movement enforced by 
high cell density. Thus, two growth conditions which induce increased keratinocyte 
differentiation (high extracellular Ca' and high cell density) both cause the 
redistribution of cadherins and integrins to cell-cell adhesions. This is consistent with a 
role for the formation of these adhesions and resultant intracellular signalling in 
mediating the induction of keratinocyte differentiation. 
8.5.2 Cadherin-blocking Peptides suppress calcium-induced differentiation 
The experiments described in section 8.3 demonstrated that CP-induced cell-cell 
adhesion was suppressed by a peptide analogous to the cadherin recognition domain. 
The synthetic peptide is likely to have blocked the functions of both E- and P-cadherin; 
studies using blocking antisera have shown that the function of both cadherins must be 
inhibited to prevent intercellular adhesion (Lewis et al., 1994b). Furthermore, the 
induction of increased transglutarninase expression by high extracellular Ca++ was 
abrogated in the presence of the blocking peptide, suggesting that it is through the 
formation of cadherin-mediated adherens junctions that keratinocytes initiate 
differentiation in vitro in response to high extracellular Caý+ concentrations. However, 
treatment with the peptide will also indirectly suppress the fonnation of desmosomes 
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and perhaps other adhesive events that occur downstream of adherens junction 
assembly (O'Keefe et aL, 1987; Lewis et al., 1994b). Therefore these experiments 
cannot completely exclude downstream events such as desmosome assembly or the 
changes in cell shape which occur in response to adherens junction assembly from 
playing some role in Ca'-induced differentiation. 
There are reports that murine keratinocytes sense extracellular calcium 
concentration through an extracellular divalent cation receptor (Filvaroff et aL, 1994), 
altering their intracellular Caý+ concentration in response to high extracellular Ca' 
detected by the receptor. The data presented in section 8.3 are not consistent Caý+- 
induced human keratinocyte differentiation being mediated in an adhesion-independent 
manner. Furthermore, the intracellular Ca++ concentration of human keratinocytes does 
not respond significantly to extracellular Ca++ (Watt et aL, 1991), indicating that Caý+ 
receptor-mediated responses are not likely to be important in the initiation of human in 
vitro keratinocyte differentiation. 
A possible interpretation of the effects of the cadherin-blocking peptides on Ce+- 
induced differentiation is that the peptide causes the selective detachment of 
differentiated cells, leaving only the undifferentiated cells attached to the substrate. 
This could, in theory, occur as cells maintained in high extracellular CP are apparently 
unable to form adhesions with the extracellular matrix once they have begun to 
differentiate and may require cadherin function for their retention in the suprabasal 
layers of the culture (Adams and Watt, 1990). However, this lost adhesiveness to the 
ECM only occurs in differentiating cells with functional cadherins and is therefore likely 
to be a downstream event of the formation of adherens junctions (Hodivala and Watt, 
1994). Thus, it is unclear as to whether integrin loss will occur in cells switched to high 
extracellular Ce+ in the presence of cadherin blocking peptide. Attempts to resolve this 
issue by measuring cell detachment in the presence and absence of cadherin blocking 
peptide indicated that there was no appreciable cell detachment (not shown). Thus, 
interfering with cadherin-mediated cell-cell adhesion suppressed in vitro Ca++-induced 
keratinocyte differentiation by a mechanism which did not involve substantial 
detachment of differentiated cells. 
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8.5.3 Clustering cell-surface E-eadherin induces increased differentiation-specific 
protein expression 
The cadherin and integrin clustering, which should mimic some features of intercellular 
adhesion in low extracellular Cd++, complement the experiments using blocking 
peptides. None of the antisera used induced cell detachment, including mAb 13 (anti- 
PI-integrin), indicating that keratinocyte-matrix adhesions involve other integrins 
additional to those containing the PI-subunit. These PI-independent adhesions are likely 
to include the stable anchoring contact (SAC) described by Carter et aL, (1990b) which 
contains hemidesmosomal components. 
When the cells were treated to cluster E-cadherin, a substantially increased 
proportion were expressing involucrin and TGk four days later. This shows that the 
process of E-cadherin clustering is sufficient to induce the expression of differentiation- 
specific proteins in a significant proportion of the cells, a phenomenon that was not 
observed when Pi-integrin was clustered. However, it is not clear how closely antibody- 
mediated clustering mimics normal intercellular adhesions. When a cadherin-mediated 
adherens junction forms, the initial adhesion is strengthened by the lateral clustering of 
additional cadherin molecules in the membrane, increasing the number of molecules 
participating in the adhesion (Tomschy et aL, 1996). It is possible that it is this process 
which is mimicked by the antibody-mediated clustering procedure. However, antibody- 
mediated clustering may not fully recreate all aspects of the formation of an adherens 
junction, e. g. conformational changes in the cadherin resulting from Ce+ binding and 
binding to other cadherin molecules on adjacent cells. The antibody used for these 
clustering experiments (DECMA-1) is known to interact with a membrane-proximal 
region of the extracellular domain of E-cadherin but the effects this binding has on 
conformation have not been determined (Ozawa et aL, 1990). It is not clear what type 
of integrin-mediated adhesion is mimicked by clustering since keratinocytes form two 
different types of adhesion involving PI-integrin (cell-cell and cell-matrix). Both types 
of adhesion are likely to result in the clustering of the Pi-integrin subunit into localised 
areas of high density although the conformation of the integrin may be different in the 
two types of adhesion. In cell-ECM adhesions, the integrin receptors bind to 
extracellular matrix components (collagen and laminin 5 for the principal a2p, and CcA 
keratinocyte integrins) but in cell-cell adhesions these integrins are capable of directly 
135 
associating with one another (Symington et aL, 1993). However, in fibroblasts treated 
to cluster the PI -integrin subunit, integrin clustering is thought to mimic adhesion to the 
extracellular matrix (Kornberg et aL, 199 1). 
There are two classical cadherins present in human keratinocytes (section 2.2.2) 
but only one was clustered to investigate its role in the induction of differentiation, 
leaving the role of P-cadherin in this process unexplored. Unfortunately, we could not 
obtain sufficient quantities of a suitable anti-P-cadherin antiserurn to attempt these 
experiments. However, the E-cadherin clustering experiments showed that clustering 
this protein on the cell surface was sufficient to induce the expression of two 
differentiation-specific proteins at low extracellular Ca++ concentrations. 
8.6 SUMMARY 
This group of experiments produced data supporting a role for E-cadherin in mediating 
at least some aspects of in vitro differentiation. This is in agreement with the extensive 
body of literature documenting a strong correlation between the loss of E-cadherin and 
impaired differentiation in a number of different types of carcinoma (section 2.2.2; 
reviewed in Birchmeier and Behrens, 1994). 
The antibody-mediatcd clustering experiments demonstrated that clustering cell 
surface PI-integrin had no significant effect on the proportion of cells expressing 
involucrin. However, it is clear that the procedure of clustering a cell adhesion 
molecule in this way does not artifactually increase the proportion of cells expressing 
differentiation-specific proteins, indicating that the effects observed when E-cadherin 
was clustered are specific to E-cadherin. 
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CHAPTER 9 
THE Sre-FAMILY KINASES AND KERATINOCYTE 
DIFFERENTIATION 
9.1 PURPOSE 
The initial aim of this study was to determine if there was a role for the Src-family 
kinases in Ca'-induced in vitro human keratinocyte differentiation. A small number of 
publications have shown that this family of tyrosine kinases may play a role in the 
control of differentiation although their precise function in normal keratinocytes is 
unclear. There are also reports that members of the Src-family are involved in 
controlling the stability of the cadherin-mediated adhesions in some epithelial cell types 
(Takeda et aL, 1995). In chapters 6 and 8, data consistent with a role for the cadherins 
in the initiation of differentiation were presented, thus indicating that the modulation of 
these adhesions, for example by c-Src, could have profound effects on keratinocyte 
behaviour. The experiments described in this chapter investigate the Src kinases during 
in vitro CP-induced keratinocyte differentiation. 
9.2 THE EFFECTS OF EXTRACELLULAR CALCIUM CONCENTRATION ON MEMBERS OF 
THE SRC-FAMILY 
To begin this group of experiments on the Src kinases, the subcellular localisation, 
protein levels and kinase activities of c-Src, Fyn and c-Yes were determined in cells 
maintained in 0.03mM extracellular U+ or shifted to ImM extracellular Caý+. 
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9.2.1 High extracellular calcium alters the subcellular localisation of c-Sre, F-vn 
and c-Yes 
To determine the subcellular localisations of c-Src, Fyn and c-Yes, subconfluent 
keratinocytes were maintained on glass chamber slides in LKGM and switched to 
HKGM for 4 or 24 hours. The cells were then immunostained for c-Src, Fyn or c-Yes. 
Figure 34 shows keratinocytes stained for c-Src. When the cells were maintained 
in 0.03mM extracellular Ca++ (Figure 34 a), the staining pattern for c-Sre was diffuse. 
Under identical growth conditions the same was also true for c-Yes (Figure 35 a) 
although occasional punctate staining at the level of cell-substrate contact was also seen, 
perhaps corresponding to cell-ECM adhesions (not shown). However, when the cells 
were switched to I mM extracellular Ce+, changes in the subcellular distribution of both 
kinases were apparent. After four hours in HKGM, c-Src was relocalised to areas of 
cell-cell contact (Figure 34 b, arrow) in a manner similar to that seen for E-cadherin 
under the same conditions (Figure 16 b). At this time, the staining pattern resembled a 
series of lines inserting into the areas of cell-cell contact, suggesting that c-Src may be 
arranged along fibrous structures during its translocation into the adhesion, as described 
for E-cadherin in section 6.5.1. For c-Yes, high extracellular Ca' also induced the 
relocalisation of this protein into the areas of cell-cell contact (Figure 35 b, arrow), an 
event that was sensitive to cytochalasin D but not nocodazole (Figure 35 d and not 
shown). 
After 24 hours in high extracellular Ca++, both c-Src and c-Yes were clearly 
localised to areas of cell-cell contact (Figures 34 c and 35 c, arrows), as has previously 
been described for rat keratinocytes (Tsukita et aL, 1991). Furthermore, similar to the 
cadherins, the staining pattern after the longer incubation in high extracellular Caý+ 
appeared as a narrower band in the cell-cell contact zone than at the earlier times after 
switching to HKGM. Unfortunately the anti-Fyn polyclonal antiserum. gave only weak 
staining when used for immunofluorescence microscopy, although occasional staining 
of cell-cell contact areas was seen in cells that had been maintained in high extracellular 
Ca' (not shown). Thus, high extracellular CP induced the relocalisation of c-Src, c- 
Yes and probably also Fyn to sites of cell-cell contact. The sensitivity of c-Yes 
relocalisation to the actin-disrupting drug cytochalasin D indicates that this process may 
share a common actin-dependent mechanism with E-cadherin translocation. 
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Figure 34 
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Fizure 34 
High extracellular calcium induces c-Src relocalisation 
Confocal immunofluorescence micrographs of adherent keratinocytes stained for c-Src 
after maintenance in 0.03mM extracellular Ca++ (a) or after 4 (b) and 24 hours (c) in 
lmM extracellular Ca++. The antiserum used was anti-c-Src, mAb 327 ascites (a 
generous gift from Dr. S. Simon, Salk Institute) diluted 1: 100 visualised with FITC- 
conjugated anti-mouse IgG diluted 1: 100. The scale bars represent 25ýLrn. 
HLqh extracellular calcium induces c-Src relocalisation 
a. low extracellular 
calcium 
b. high extracellular 
calcium, 4 hours 
c. high extracellular 
calcium, 24 hours 
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Figure 35 
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Figure 35 
High extracellular calcium induces c-Yes relocalisation 
Confocal, immunofluorescence micrographs of adherent keratinocytes stained for c-Yes 
after maintenance in 0.03mM extracellular Ca++ (a), after maintenance in ImM 
extracellular Ca++ for 4 (b), 24 hours (c) and after 4 hours in I mM extracellular Ca++ in 
the presence of 5pg/ml cytochalasin D (d) or 2.5pg/ml nocodazole (e). The antiserum. 
used was anti-c-Yes, mAb clone #1, diluted 1: 100 visualised with FITC-conjugated 
anti-mouse IgG diluted 1: 100. The scale bars represent 25gm. 
High extracellular calcium induces c-Yes relocalisation 
a. low extracellular 
calcium 
b. high extracellular 
calcium, 4 hours 
c. high extracellular 
calcium, 24 hours 
d. high extracellular 
calcium, 4 hours 
+ cytochalasin D 
9.2.2 Extracellular calcium does not have an appreciable effect on c-Src, FVn and 
c-Yes abundance 
Having determined the subcellular localisation. of members of the Src-family kinases, 
the abundance of these kinases in cells grown under different extracellular Ce' 
conditions were then determined by immunoblotting. Subconfluent adherent 
keratinocytes were maintained in LKGM or switched to HKGM for a duration of up to 5 
days before lysing in RIPA buffer and immunoblotting (Figure 36). 
When keratinocytes were maintained in 0.03mM extracellular Ca', they 
expressed readily detectable quantities of c-Src (Figure 36 a), Fyn (b) and c-Yes (c), 
shown in the t=0 lanes of the blots. Upon switching to HKGM, no obvious consistent 
changes in the protein levels or electrophoretic mobility of any of these three kinases 
were seen (t =I day) despite the changes in subcellular localisation that took place 
during this time (section 9.2.1). Similarly, extended incubation in high extracellular 
Ca++ for up to 5 days also failed to induce any major changes in the amounts of these 
proteins that were detected by immunoblotting (t = 2-5 days) although a transient and 
modest increase in c-Src abundance and a similarly small increase in c-Yes abundance 
were seen in this experiment. No changes in the electrophoretic mobility of any of these 
kinases was induced by increasing the extracellular Ca++ concentration. 
In the epidermis, the levels of c-Yes decrease as the keratinocytes enter the 
spinous layer whereas the levels of c-Src are not appreciably altered (Krueger et aL, 
1991; Zhao et aL, 1992). The importance of this decrease in c-Yes abundance during 
differentiation is not clear as it was not seen in the keratinocyte populations induced to 
differentiate with high extracellular W+. Thus, high extracellular Ca++ and subsequent 
in vitro keratinocyte differentiation did not have an appreciable effect on the abundance 
of c-Src, Fyn or c-Yes. 
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Figure 36 
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Fi2ure 36 
The effects of extracellular calcium on Src-family kinase abundance 
Immunoblots for c-Src (a), Fyn (b) and c-Yes (c) prepared using proteins extracted 
using RIPA lysis buffer from keratinocytes maintained in 0.03mM or switched to IMM 
extracellular Caý' for the indicated times. The antisera, used were mAb 327 diluted 
1: 1000, anti-Fyn rabbit polyclonal diluted 1: 500 and anti-c-Yes clone #I diluted 1: 1000. 
The effects of extracellular calcium on Src-family kinase abundance 
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9.2.3 Extracelfular calcium does not have an appreciable effect on Src-familv 
kinase activity 
The data presented in section 9.2.2 showed that increasing the extracellular CP 
concentration did not affect the amounts of c-Src, Fyn and c-Yes present in the cells. 
However many of the biological functions of the Src kinases require their tyrosine 
kinase activity which may vary without alterations in the abundance of the protein. 
Tberefore, the kinase activity of each of the three Src-family kinases present in 
keratinocytes was determined using an in vitro tyrosine, kinase assay in which 
radiolabelled ATP is incorporated into an artificial substrate polypeptide (poly(Glu, Tyr)) 
by the immunoprecipitated kinase. Subconfluent adherent keratinocytes were 
maintained in 0.03mM extracellular Ca++ or were switched to ImM extracellular Caý+ 
for a duration of 4 or 24 hours before lysing in CSK buffer and immunoprecipitating the 
required kinase for use in the assay as described in sections 5.8 and 5.9. 
The kinase activities of c-Src, Fyn and c-Yes extracted from keratinocytes grown 
in different extracellular Caý+ conditions are summarised in Figure 37. Kinase activity 
is expressed in counts per minute (cpm) corresponding to the amount of radiolabelled 
ATP incorporated into the exogenous substrate. The kinase activity of c-Src was 
considerably higher than those of Fyn and c-Yes as determined by this assay and this 
was also true when the experiment was repeated using a commercial Src-family kinase 
assay kit (not shown). This indicates that c-Src has a higher specific activity than Fyn or 
c-Yes under these conditions. The reason for the consistently high activity of c-Src 
relative to Fyn and c-Yes is not clear but may reflect a genuine difference or may 
indicate that the kinases have different affinities for the substrate polypeptide. 
The data presented in Figure 37 show that switching to ImM extracellular Ca++ 
had very little effect on the kinase activity of the three Src kinases. A slight decrease in 
c-Src activity was seen but the changes in the activity of Fyn and c-Yes were modest and 
probably not significant. However, when using assays of this type to measure tyrosine 
kinase activity, alterations in kinase activity with profound biological effects can appear 
insignificant (M. Frame, Beatson Institute). Thus, the possibility that localised changes 
in the specific activity of c-Src, Fyn or c-Yes are taking place cannot be ruled out. 
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Figure 37 
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Fieure 37 
The effects of extracellular calcium concentration on Src-family kinase activity 
Summary of the data obtained from a series of in vitro tyrosine kinase assays measuring 
the activity of c-Src (shown in blue), Fyn (red) and c-Yes (green) extracted from cells 
maintained in 0.03mM extracellular Ca' (t = 0) and after 4 and 24 hours in ImM 
extracellular Ca+. 
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9.2.4 Extracellular calcium alters the tyrosine phosphorylation of pl2oan 
The data presented in section 9.2.1 suggest that members of the Src-family kinases may 
play a role at the sites of cell-cell adhesion. The absence of any detectable changes in 
the activity of these kinases (section 9.2.2) suggests that any changes in kinase activity 
are too small to be detected by the assay. In order to determine the activity of the Src- 
family kinases localised to cell-cell adhesions, the subcellular localisation and tyrosine 
phosphorylation status of the cadherin-associated Src-substrate pl20'tn , previously 
known as p1 20c' (section 2.2.2), were investigated. 
A. p120' is localised to cell-cell adhesions 
Firstly, the subcellular localisation of p120c" in adherent keratinocytes maintained in 
0.03mM extraccllular CP or shifted to ImM extracellular CP for various times was 
determined (Figure 38). In low extracellular Ca++, where very few cadherin-mediated 
cell-cell adhesions are formed, the staining pattern observed for pl20cn was largely 
diffuse (Figure 38 a). However, some staining of the cell membranes was apparent 
(arrow), indicating that this protein, which is known to be myristylated, may be 
membrane-associated in keratinocytes grown under these conditions (Kanner et al., 
1991). In a similar manner to the cadherins and members of the Src-family, switching 
to I mM extracellular Caý+ for four hours caused p120ct' protein to become concentrated 
to areas of cell-cell contact (Figure 38 b). After 24 hours incubation in ImM 
extracellular CP, p1 20't' was strongly localised to the cell-cell adhesions (Figure 38 c). 
R p120c'" associates with E-cadherin 
To confirm that pl2octn was associated with E-cadherin in these cells, pl2o, tn was 
immunoprecipitated from keratinocytes maintained in LKGM or switched to IMM 
extracellular Ca++ for 4 or 24 hours. These immunoprecipitates were washed 
extensively with RIPA buffer and immunoblotted for E-cadherin (Figure 39 a) and 
subsequently for p120ct' (Figure 39 b). Immunoprecipitations performed using non- 
immune normal mouse IgG did not contain detectable amounts of E-cadherin or p120c" 
(Figure 39, control). However, the p120c'n immunoprecipitates contained E-cadherin 
and pl2octn. Thus, pl20ctn was physically associated with E-cadherin in keratinocytes 
and was also present at the intercellular adhesions at the same time as E-cadherin, 
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Figure 38 
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Fieure 38 
High extracellular Ca' induces p120"" relocalisation 
Confocal. immunofluorescence micrographs of adherent keratinocytes stained for pl20't, 
after maintaining the cells in 0.03mM extracellular Caý+ (a) or after incubation in IMM 
extracellular Ca' for 4 hours (b) and 24 hours (c). The antiserurn used was anti-p120an, 
clone #98 diluted 1: 100 visualised with FITC-conjugated anti-mouse IgG diluted 1: 100. 
Scale bars represent 25ýLrn. 
High extracellular calcium induces 02 octn relocalisation 
a. low extracellular 
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b. high extracellular 
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c. high extracellular 
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Figure 39 
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Fizure 39 
E-cadherin is co-immunoprecipitatcd by p120"" antiserum 
pl20` immunoprecipitates immunoblotted for E-cadherin (a) and p120n (b). The 
p120c' immunoprecipitations were performed on keratinocytes maintained in 0.03MM 
extracellular Ca' and after 4 or 24 hours growth in ImM extracellular Ca++. Control 
immunoprecipitations (lane 1) were performed using normal mouse IgG. The antiserurn 
used for inununoprecipitating was anti-p120' mAb clone #98 and the control antiserum 
was normal mouse IgG. The antisera used for immunoblotting were anti-E-cadherin 
mAb clone #36, diluted 1: 2000 and anti-p120' mAb clone #98 diluted 1: 1000. All 
immunoprecipitations were washed extensively in RIPA buffer. 
E-cadherin is co-immunoprecipitated by p12 octn antiserum 
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indicating that these two proteins may re-localise together in response to high 
extracellular Caý+. 
C High extracellular calcium causes decreasedp]20' tyrosinephosphorylation 
If the Src-family kinases co-localised with p120' in response to high extracellular Caý+ 
are catalytically active, then the amount of tyrosine phosphorylated p120"" might 
increase if there are no compensatory changes in junctional tyrosine phosphatase 
activity. Figure 40 shows pI 20'tn immunoprecipitates immunoblotted for pI 20an (a) or 
phosphotyrosine (b). Keratinocytes were either maintained in 0.03mM extracellular 
Ca' (lanes I and 3) or switched to ImM extracellular Ca++ for 24 hours (lanes 2 and 4), 
before fractionation into the Triton-soluble and insoluble proteins (section 5.5) prior to 
immunoprecipitation. The Triton-soluble fraction is thought to contain mainly cytosolic 
and membrane-bound fractions whereas the Triton-insoluble fraction is enriched in 
proteins associated with the cytoskeleton (Hirano et aL, 1987; Hinck et aL, 1994). 
Immunoblotting detected two pl20't" isoforms migrating with apparent molecular 
weights around lOOkD in the pl2o,, n immunoprecipitates from the Triton-soluble 
fraction (Figure 40 a, lanes I and 2). These are likely to correspond to the 'epithelial' 
isoforms reported by Mo and Reynolds (1996) which were named CAS2A and CAS213 
in the previous nomenclature used for this protein. In accordance with the new 
tn 
nomenclature for this protein, these are labelled as p120`3A and p120c 3B in Figure 
40. No changes in the pattern of anti-p120c" reactive proteins in the Triton-soluble 
fraction occurred upon switching the cells to HKGM. 
In the Triton-insoluble extracts (Figure 40 a, lanes 3 and 4), a third, slower- 
migrating anti-p120"" reactive species was present. The abundance of the 2 faster- 
migrating isoforms was similar in the Triton-soluble and insoluble extracts under both 
low Caý' and high Ca++ growth conditions. However, the slower-migrating species was 
less abundant in cells switched to HKGM for 24 hours (lane 4, panel a). When this blot 
was probed using an anti-phosphotyrosine antiserum. (panel b) it was apparent that the 
slower-migrating protein identified by the anti-p120"' antiserum co-migrated with the 
largest of the tyrosine-phosphorylated proteins seen in lanes 3 and 4 of panel b. These 
data suggest that the largest protein identified by the p120"' antiserum is tyrosine 
phosphorylated pl20c"3A or p120"3B. No tyrosine phosphorylated proteins could be 
detected in the pl20ct' immunoprecipitates prepared from the Triton-soluble proteins. 
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The two other tyrosine phosphorylated proteins also present in the immunoprecipitations 
prepared from the Triton-insoluble proteins were not identified. 
Thus, tyrosine phosphorylated pl20'o' was exclusively found in the Triton- 
insoluble fraction and became less abundant or showed reduced tyrosine 
phosphorylation during the time when cell adhesions were forming in response to high 
extracellular Caý+. This is consistent with reports that elevated pl20't' phosphorylation 
correlates with adherens junction disassembly (Papkoff, 1997; Kinch et aL, 1995). 
Taken together, these data indicate that tyrosine phosphorylated p120"" is exclusively 
associated with the cytoskeleton in keratinocytes but probably does not associate with E- 
cadherin. Furthermore, these experiments do not support the hypothesis that the Src 
kinases are activated at the adherens junctions during the formation of cell-cell 
adhesions. 
9.3 INHIBITING SRC-FAMILY KINASE ACTIVITY ALTERS KERATINOCYTE BEHAVIOUR 
The observations described in section 9.2 suggest that c-Src and the related Src kinases 
Fyn and c-Yes may play a role at keratinocyte adherens junctions although they may not 
be catalytically active during adhesion assembly. One function of the Src-family 
kinases in epithelial cells may involve the control of adherens junction stability since the 
expression of constitutively active v(viral)-Src causes the weakening of these adhesions 
in MDCK cells (Takeda et aL, 1995). However, it is also possible that the kinases 
localised to cell-cell adhesions transduce signals which influence cellular behaviour 
from the adherens junction into the cell. To define more accurately the functions of 
these kinases in keratinocytes, cells were treated with a Src-family kinase inhibitor 
(PD162531) generously provided to us by Dr. A. Kraker at Parke-Davis 
Pharmaceuticals. The structure of this compound was not disclosed to us due to 
patenting restrictions. This section includes a brief characterisation of some of the 
properties of this inhibitor and a description of its effects on keratinocyte adhesion and 
differentiation in vitro. 
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Figure 40 
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Fizure 40 
The effects of extracellular calcium on pl. 20"" tyrosine phosphorylation 
p 120" immunoPrecipitates immunoblotted with anti-phosphotyrosine antiserum (panel 
b) and then with anti-p I 20't' (panel a) after removing the anti-phosphotyrosine 
antiserum. (section 5.7.2). The lysates used in this experiment were prepared from 
adherent keratinocytes maintained in 0.03mM Ca++ or after 24 hours' incubation in 
ImM extracellular Ca++. Both Triton-soluble (TXs) and Triton-insoluble (M) extracts 
were used for the immunoprecipitations. The antisera used for immunoblotting were 
anti-p 120"u, clone #98 diluted 1: 1000 and anti-phosphotyrosine rnAb PY20 diluted 1: 1000. 
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9.3.1 Hiah concentrations of PD162531 are cytotoxic 
To determine the concentrations of Src-kinase inhibitor which could be tolerated by 
human keratinocytes, the Promega CeIlTiter 96 assay was used to measure cell viability 
after 4 days incubation in inhibitor or an equivalent concentration of vehicle (DMSO, 
Figure 41). For these experiments, the cells were gown in 96-well plates in 0.03mM 
extracellular Ca++ medium for the duration of the experiment and the culture medium 
was replaced daily with fresh medium and inhibitor. Figure 41 a shows that inhibitor 
concentrations exceeding 2pLM were cytotoxic with concentrations of lOgM or higher 
resulting in the loss of metabolic function by the majority of the cells. Conversely, 
inhibitor concentrations of 2gM or lower, had no significant adverse effects on cellular 
metabolism, as determined by this assay. These data show that the maximum 
concentration of PD 1625 31 that could be used over a period of 4 days without detriment 
to the cells is 2pM. 
When the cells were treated with equivalent concentrations of the vehicle for 
PD162531 (i. e. DMSO), such a relationship between concentration and cellular 
metabolism was not observed (Figure 41 b). There is some variability in these data but 
I they show that relatively high concentrations of DMSO were not significantly cytotoxic 
in comparison with the Src-family kinase inhibitor. Thus, the cytotoxicity observed 
when the cells were treated with PD162531 was specific to the inhibitor and was not 
due to the presence of DMSO. 
9.3.2 PD162531 inhibits the tyrosine kinase activities of c-Src, Pyn and c-Yes 
Having determined the concentrations of PD162531 that could be tolerated by 
keratinocytes, I then investigated the efficacy of this inhibitor. In the first instance, the 
inhibition of c-Src activity by a range of inhibitor concentrations between 20 and 250nM 
added directly to in vitro kinase assays was measured (Figure 42 a). The lowest 
concentration of inhibitor tested had no measurable effect on c-Src activity but 
increasing the inhibitor concentration caused a corresponding decrease in c-Src kinase 
activity. 
Next, a single inhibitor concentration (I OOnM) was tested for the inhibition of Fyn 
and c-Yes in the same way as described for c-Src (Figure 42 b). In this experiment, the 
activity of c-Src was again reduced by the inhibitor. Although the activities of Fyn and 
c-Yes as determined by this assay were considerably lower than that of c-Src, the 
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The cytotoxicity of PD162531 
The effects of increasing PD162531 concentrations (a) or equivalent concentrations of 
the vehicle, DMSO (b) on cell viability assayed using the Promega CellTiter 96 kit after 
4 days incubation in LKGM in the presence of PD162531 or DMSO. Cell viability is 
proportional to the optical density at 570nm where an absorbance of zero corresponds to 
no metabolising cells. Each data point represents the mean of three samples, +/- SEM. 
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The effects of PD162531 on Src-family kinase activity 
The effects of adding the Src-fmnily kinase inhibitor PD162531 directly to in vitro 
kinase assays as (section 5.9). Chart a shows the effects of different inhibitor 
concentrations on c-Src activity whilst chart b shows the effects of 100nm inhibitor on 
c-Src, Fyn and c-Yes activity. 
The effects of PD162531 on Src-family kinase activity 
a. c-Src kinase activity +/- PD162531 
ý A^^^^ 
I I+UUUU 
120000 
x 
0. 
cm 100000 
E 
r'L 80000 
60000 
40000 
20000 
0 
x 
10 100 1000 
PD162531 concentration (nm) 
b. c-Src, Fyn and c-Yes activity +/- 100nm PD162531 
owuw 
300000 
CL 
cli 
250000 E 
200000 
DKW control 
1 00nm PD1 62531 
150000- 
100000. 
50000- 
0 
c-Src Fyn 
Vinase 
c-Yes 
inhibitor also caused a marked decrease in their activity. However, using this type of 
kinase assay, we were unable to demonstrate that treating intact keratinocytes with 
PD162531 inhibited the Src kinases (not shown). The inhibitor is known to penetrate 
cells under these conditions (A. Kraker, personal communication to V. Brunton, 
Beatson Institute) so this is most likely because the inhibitor binds reversibly to 
members of the Src-family and was displaced during the immunoprecipitation 
procedure. Thus, the Src-kinase inhibitor PD162531 inhibited the activity of all three 
keratinocyte Src-family kinases when added directly to in vitro tyrosine kinase assays. 
9.3.3 PD162531 alters keratinocvte intercellular adhesion 
A. Cellular distribution 
There are a number of reports describing how the Src-family kinases can affect the 
stability of cadherin-mediated adherens junctions (e. g. Takeda et al., 1995). One of the 
responses made by keratinocytes to treatment with the Src-kinase inhibitor in LKGM 
was a change in their spatial distribution on the substrate in a manner similar, but not 
identical to that seen in response to high extracellular Ce+ (Figure 43). When 
keratinocytes were treated with PD162531 at a concentration of 2ýIM in LKGM, the 
distribution of the cells changed from the scattered morphology characteristic of low 
extracellular Ca++ (Figure 43 a), to a more ordered arrangement (Figure 43 c) which was 
visible within hours of the addition of the inhibitor. This redistribution of the cells in 
response to PD162531 resulted in the formation of a number of discrete groups of cells 
which appeared to be more tightly packed than cells maintained in 0.03mM extracellular 
Ca' in the absence of the inhibitor. 
Cells were also switched to HKGM and treated with 2gM PD162531 or an 
equivalent concentration of DMSO simultaneously and then maintained under these 
conditions for the duration of the experiment (4 days). When the cells were treated with 
DMSO, the cells responded normally to the high extracellular Caý+ concentration and 
redistributed into areas of local confluence (Figure 43 b- compare with Figure 13). 
This process was not affected by the Src-kinase inhibitor (Figure 43 d). Thus, 
PD162531 may increase cell-cell adhesion in low extracellular Ca++ but has no effect on 
the formation of adhesions in response to high extracellular Caý+. 
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PD162531 alters keratinocyte spatial distribution 
Phase-contrast photornicrographs of subconfluent adherent keratinocytes maintained in 
0.03mM extracellular Ca++ (panels a and c) or switched to ImM extracellular Ca++ for a 
duration of 4 days (panels b and d). The cells shown in panels a and b were incubated 
in 0.02% (v/v) DMSO and the cells shown in panels c and d were incubated in 2gM 
PD 162531 for the 4 day duration of the experiment. The scale bars represent 200gm. 
PD162531 treatment alters keratinocyte spatial distribution 
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The data presented in section 9.33A suggested that one effect of the Src-family kinase 
inhibitor PD162531 may be to increase cell-cell adhesion in some way. To investigate 
this, subconfluent adherent keratinocytes were treated with the inhibitor (or DMSO for 
controls) in 0.03mM or 1mM extracellular CP for a period of 24 hours. The cells were 
then fixed and stained for E-cadherin or the PI -integrin subunit. 
In low extracellular CP, in the absence of PD162531, both E-cadherin and the 
PI-integrin subunit were diffusely localised in the majority of the cells (Figures 44 a and 
45 a). However, both proteins were weakly concentrated to the sporadic cell-cell 
contact areas and in addition, some punctate staining for PI-integrin could be seen at the 
sites of attachment to the substrate. These micrographs show that DMSO had no 
significant effect on the subcellular distribution of the two adhesion proteins (compare 
with Figures 16 a and 21 a). Furthermore, when keratinocytes were incubated in 
HKGM for 24 hours in the presence of DMSO, the redistribution of E-cadherin and the 
pl-integrin subunit to sites of cell-cell adhesion proceeded normally (Figures 44 b and 
45 b- compare with Figures 16 b and 21 b). 
Treating the cells with PD162531 in low extracellular Caý' caused the cells to 
become more tightly packed (Figures 44 c and 45 c) and their morphology was similar, 
but not identical, to cells induced to aggregate by high extracellular Caý' concentrations. 
In these closely apposed cells, E-cadherin was localised along the areas of cell-cell 
contact although this was weaker than was seen in response to high extracellular Caý' 
(Figure 44 c). No significant cell-cell staining for the pi-integrin subunit was seen in 
cells treated with PD162531 in LKGM (Figure 45 c). Treating the cells with PD162531 
at the same time as elevating the extracellular CP concentration to lrnM had no effect 
on the redistribution of the cells in response to Ca++ (Figure 43 d). Similarly, the 
relocalisation of both E-cadherin (Figure 44 d) and the PI -integrin subunit (Figure 45 d) 
were unaffected. Thus, the formation of cell-cell adhesions in response to high 
extracellular Ca++ is not affected by the presence of PD162531. The intercellular 
adhesions formed in low extracellular Ca++ in the presence of the inhibitor may involve 
E-cadherin but probably not PI -integrin. 
160 
Figure 44 
161 
Fi2ure 44 
The effects of PD162531 on the subcellular localisation of E-cadherin 
Confocal. immunofluorescence micrographs of adherent keratinocytes stained for E- 
cadherin after maintenance in 0.0-3)mM extracellular Ca' (images a and c) and after 24 
hours incubation in ImM extracellular Ca++ (images b and d). The cells shown in 
images a and b were treated with 0.02% (v/v) DMSO for the 24 hour duration of the 
experiment whereas the cells depicted in images c and d were treated with 2PM 
PD162531. The antiserum, used was anti-E-cadherin mAb clone #36 diluted 1: 250. 
Scale bars represent 251im. 
The effects of PD162531 on the subpellular localisation of E-cadherin 
a. low extracellular 
calcium, DIVISO 
b. high extracellular 
calcium and DIVISO 
for 24 hours 
c. low extracellular 
calcium and PD162531 
for 24 hours 
d. high extracellular 
calcium and PD162531 
for 24 hours 
Figure 45 
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Ffizure 45 
The effects of PD162531 on the subcellular localisation of 01-integrin 
Confocal immunofluorescence micrographs of adherent keratinocytes stained for the Pj- 
integrin subunit after maintenance in 0.03mM extracellular Ca' (images a and c) or 
after incubation in ImM extracellular Ca++ for a period of 24 hours (images b and d). 
The cells depicted in images a and b were treated with 0.02% (v/v) DMSO and those 
shown in images c and d were treated with 2pM PD 162531 for the 24 hour duration of 
the experiment. The antiserum used was anti-01-integrin mAb 13 diluted 1: 100. The 
scale bars represent 25gm. 
The effects of PD162531 on the subcellular localisation oU, -integrin 
a. low extracellular 
calcium, DIVISO 
b. high extracellular 
calcium and DIVISO 
for 24 hours 
c. low extracellular 
calcium and PD162531 
for 24 hours 
d. high extracellular 
calcium and PD162531 
for 24 hours 
9.3.4 PD162531 does not affect keratinoMe differentiation 
A number of reports have indicated that members of the Src-family kinases may play a 
role in the regulation of keratinocyte differentiation. In particular, keratinocytes derived 
from jyn -/- mice fail to differentiate normally in response to high extracellular Ca' 
concentrations in vitro (Calautti et aL, 1995). These cells express some differentiation- 
specific proteins normally in response to this stimulus, but the expression of others such 
as filaggrin is delayed. 
To investigate the effects of PD162531 on differentiation, adherent subconfluent 
keratinocytes were treated with 2gM PD162531 or an equivalent concentration of 
DMSO for up to 5 days before involucrin expression was determined by 
immunoblotting (Figure 46 a and b) and filaggrin expression by immunoperoxidase 
staining (Figure 47). In low extracellular Ca++, the levels of involucrin were low (Figure 
46 a) and were not significantly affected by the presence of DMSO or PD162531. 
Similarly, high extracellular Ca++ strongly induced the expression of involucrin and this 
was unaffected by the presence of the inhibitor. Thus, under these conditions, inhibiting 
members of the Src-family did not affect the CP-induced expression of involucrin, nor 
did it affect involucrin expression in 0.03mM extracellular Ca'. 
When keratinocytes incubated in HKGM in the presence of 0.02% (v/v) DMSO 
for 5 days were stained for filaggrin, some cells were expressing this protein (Figure 47 
a and 47 b). As was previously described in section 6.2.1, the proportion of cells 
expressing filaggrin was modest in comparison with the proportion which express 
involucrin and transglutaminase under similar conditions. When the cells were treated 
with PD162531 and incubated in HKGM for 5 days, the proportion of cells expressing 
filaggrin was similar to the cultures treated with DMSO (Figure 47 c and d). Thus, 
treating keratinocytes with 2gM PD162531 did not interfere with the W'-induced 
expression of filaggrin. Due to the difficulties inherent in attempting to distinguish 
single cells in these stratified groups of cells, it was not possible to quantitate the 
proportion of cells expressing filaggrin. 
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The effects of PD162531 on involucrin expression 
Involucrin (a and b) and cc-tubulin (c) immunoblots prepared using proteins extracted 
using CSK buffer from subconfluent adherent keratinocytes maintained in LKGM or 
HKGM in the presence of 0.02% (v/v) DMSO or 2gM PD162531 for 4 days. The 
antisera used were anti-involucrin mAb SYS diluted 1: 1000 and anti-cc-tubulin mAb 
DM IA diluted 1: 10000. 
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The effects of PD162531 on calcium-induced filaggrin expression 
Phase-contrast photomicrographs of subconfluent adherent keratinocytes stained for 
filaggrin. The cells in all images were incubated in I mM extracellular Ca' for a period 
of 5 days in the presence of 0.02% DMSO (panels a and b) or 2ýLM PD 162531 (panels c 
and d). Note that images a and b show cells maintained under the same conditions but 
at different magnifications, as do images c and d. The antiserum. used was BT-576 
diluted 1: 500. Scale bars represent 200gm. 
The effects of PD162531 on calcium-induced filaggrin expression 
a. high extracellular 
calcium + DIVISO 
b. high extracellular 
calcium + DIVISO 
c. high extracellular 
calcium + PD162531 
d. high extracellular 
calcium + PD162531 
9.4 DISCUSSION 
9.4.1 The role of the Src-familv kinases in keratinoevtes 
A role for the Src kinases in the adherens junction is supported by their subcellular 
localisation at sites of cell-cell contact in cells switched to high extracellular Caý'. 
However, the physical association of c-Src with either E-cadherin or p120" could not 
be demonstrated by co-immunoprecipitation (not shown), suggesting that any 
interactions between c-Src and these adhesion components are very weak or that c-Src 
associates with some other component of the junction. 
The absence of changes in the activity of the Src-family kinases in response to 
extracellular CP appears to contradict the findings of Zhao et aL (1992 and 1993) who 
demonstrated increased c-Src activity and diminished c-Yes activity during keratinocyte 
differentiation. However, their studies examined later stages of differentiation 
(comified envelope assembly), induced by ionophore treatment, whereas the earlier 
phases of differentiation were examined here. Caution is required in the interpretation 
of in vitro tyrosine kinase assays as they often fail to reflect biologically significant 
changes in kinase activity (M. Frame, Beatson Institute). 
Attempts to obtain an indirect indication of the activity of the Src-family kinases 
localised to adherens junctions by measuring p 120"" tyrosine phosphorylation suggested 
that these kinases may not be active during the formation of the adhesions, at least 
towards p120an. The tyrosine phosphorylation of pl2o,, n decreased during the 
formation of intercellular adhesions in response to extracellular Ce+, consistent with 
reports that increased tyrosine phosphorylation of this protein correlates with the 
disruption of cadherin-mediated adhesions in epithelial cells (Kinch et aL, 1995; 
Papkoff, 1997). However, the function of tyrosine phosphorylated pl20cn in 
keratinocytes remains something of an enigma. Tyrosine phosphorylated pl20't" was 
only detectable in the Triton-insoluble fraction suggesting that it may be associated with 
the cytoskeleton. However, the association of p120ct' with the actin cytoskeleton 
(inferred from detergent solubility) appears to vary between different cell types. For 
example in ras-transformed MCF-10A breast epithelial cells, pl20ctn is detergent- 
soluble irrespective of its phosphorylation state (Kinch et aL, 1995). In E-cadherin- 
expressing L-cells, pl20'tn phosphorylation by v-Src correlates with increased detergent 
solubility (Papkoff, 1997). However, neither of these cell types is likely to reflect the 
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situation in normal untransformed epithelial cells, such as keratinocytes, naturally 
expressing members of the classical cadherin family. 
These experiments were performed on pl20't' extracted from the entire cell, 
representing protein localised to adhesions and also the protein from elsewhere within 
the cell, the latter potentially being the major fraction of cellular pl20ctn (Papkoff, 
1997). Attempts to measure the phosphotyrosine content of cadherin-associated p 120"' 
were unsuccessful (not shown). Although pl20't' was readily detectable in E-cadherin 
immunoprecipitates, tyrosine phosphorylated p120"n was not. Furthermore, E-cadherin 
was present in p120"' immunoprecipitates regardless of the presence of tyrosine 
phosphorylated p120' in these preparations (not shown). Taken together, these 
observations indicate that p120"' need not be phosphorylated to bind to E-cadherin in 
keratinocytes. This is consistent with a report that tyrosine phosphorylated pl2oun 
cannot be detected in association with VE-cadherin in human endothelial cells 
regardless of the amount of tyrosine phosphorylated pl2oon present in the cell 
(Lampugnani et al., 1997). However, there are also reports of phosphorylated p120' 
binding to E-cadherin in a carcinoma cell line (Kinch et aL, 1995). 
9.4.2 The Src-family kinases and cell-cell adhesion 
In the cells treated with the Src-family kinase inhibitor PD162531 in LKGM, the cells 
aggregate together and surprisingly, E-cadherin is re-localised to the sites of cell-cell 
contact. This indicates that treatment with the Src kinase inhibitor may induce the 
formation of cell-cell adhesions. 
These observations suggest that the moderate levels of cadherin visualised in the 
cell-cell contacts are sufficient to form adhesions of adequate strength to maintain the 
observed morphology in the presence of PD162531. In high extracellular Caý', such an 
adhesion would normally be strengthened by the recruitment of more cadherin in an 
actin-dependent manner (section 6.5.1). Inhibiting members of the Src family could 
stabilise these 'proto-adhesions' which seem to exist at a much lower frequency in 
untreated subconfluent low extracellular Ca++ cultures. Therefore, inhibiting the Src- 
kinases may stabilise weak cadherin-mediated interactions but does not induce the 
strengthening of the immature adhesions by the recruitment of more cadherin (section 
9.4.4). This is consistent with a role for the Src kinases in adherens junction turnover. 
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An alternative explanation for the altered keratinocyte distribution seen in 
response to treatment with PD162531 is that this compound does not affect cell-cell 
adhesion per se, but that it inhibits migration. Under these circumstances, cells would 
remain where they were generated by mitosis. This is unlikely since the aggregation of 
the cells in response to the inhibitor occurs within hours and involves the rearrangement 
of existing cells rather than the de novo formation of tightly packed aggregates of newly 
produced cells. 
In vitro, the Src-kinases may turn over the transient cell-cell adhesions which are 
occasionally seen between cells maintained in low extracellular CP. The three 
members of the Src-family kinases that are present in human keratinocytes (c-Src, Fyn 
and c-Yes) are incorporated into adherens junctions at an early stage, but may not 
become active until the turnover of the adhesion is required. This process could 
specifically involve the action of the Src kinases at the cell-cell adhesion since it has 
been shown that Src-induced epithelial cell scattering is independent of transcription, 
and is likely to involve changes in the cytoskeleton or cytoskeleton-associated molecules 
(Boyer et aL, 1997). , 
In normal adult human epidermis, c-Yes is not present at the cell-cell adhesions 
(Krueger et aL, 1991). However, in epidermis adjacent to a wound, c-Yes is localised to 
the keratinocyte cell-cell adhesions, particularly in the spinous layer. This is consistent 
with a role for c-Yes in the turnover of cell-cell adhesions when keratinocytes need to 
break free from neighbouring cells to migrate into the wound site. Also, in human 
endothelial cell cultures, where cell-cell adhesion is mediated by VE-cadherin, 
established cell-cell adhesions contain low levels of phosphotyrosine. However, if the 
culture monolayer is wounded, the adherens junctions of cells close to the wound site 
become tyrosine phosphorylated before the cells sever their contacts with their 
neighbours and become migratory (Lampugnani et aL, 1997). This may indicate that 
tyrosine kinases such as members of the Src-family are activated at this time. Taken 
together, these data indicate that the most likely function of the Src-family kinases at 
adherens junctions may be to control the turnover of these adhesions when cells become 
motile. Thus, the Src kinases may play an important role during processes such as 
embryogenesis and wound healing when the regulated disruption of adherens junctions 
is required to pen-nit cells to break free from their neighbours. 
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9.4.3 The Src-family kinases and keratinogte differentiation 
An alternative function for the Src-family kinases localised to cell-cell adhesions is in 
the transduction of signals from the junction into the cell, a process that is not well 
understood. The data presented in Chapters 6 and 8 showed that differentiation can be 
induced by the formation of adherens junctions. Therefore we tested whether inhibiting 
the Src kinases could delay or inhibit the expression of differentiation-specific proteins 
in response to high extracellular Caý+. 
Treating the cells with PD162531 had no effect on the Ca-induced expression of 
involucrin or filaggrin. Furthermore, the expression of involucrin in cells maintained in 
LKGM was also unaffected by treatment with the Src kinase inhibitor. Studies using 
mice nullizygous for c-src, Jyn and c-yes have shown that Fyn is involved in 
keratinocyte differentiation but c-Src and c-Yes are not essential. In thefyn -/- mice, the 
expression of involucrin in response to CP was not affected so it is perhaps no surprise 
that treating the cells with PD162531 had no effect on involucrin induction. However, 
in both the i . 
fyn -/- mice and the keratinocytes derived from these animals, flaggrin 
expression was delayed during differentiation (Calautti et al., 1995). Unfortunately, we 
were unable to quantify the proportion of cells expressing filaggrin after treatment with 
and without Src kinase inhibitor. No major differences were apparent when the stained 
cells were viewed using a phase-contrast microscope. These data cannot be interpreted 
fully until the effects of the Src kinase inhibitor on the proportion of cells expressing 
filaggrin are determined accurately. 
A question which arises from these observations is why the cell-cell adhesions 
induced by treatment with PD162531 in LKGM, which appear almost identical to those 
formed between confluent cells, should fail to induce differentiation. The most likely 
explanation for this is that the adhesions formed in response to the inhibitor do not 
provide a sufficiently strong stimulus to initiate differentiation, perhaps because the 
inhibitor interferes with some aspect of signalling from the adhesion. However, in high 
extracellular Ca++ the inhibitor may be insufficient to block the stronger signal 
originating from the adherens junctions. This hypothesis could be tested by treating 
confluent keratinocytes with PD162531 and then investigating the expression of 
involucrin and filaggrin in these cells. If the inhibitor has a partial effect on signalling 
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from the adhesions, the expression of these differentiation-specific proteins may not be 
increased under these conditions. 
9.5 SUMMARY 
Taken together, the data presented in this chapter indicate that the Src-family kinases in 
human keratinocytes are most likely to be involved in the regulation of the disassembly 
of cadherin-mediated adhesions and that they may not play an important role in 
signalling differentiation from these adhesions. The modulation of keratinocyte 
adherens junction stability is represented by the schematic diagram (Figure 48). Three 
states' of adhesion are shown on the diagram, 'weak unstable', corresponding to the 
sporadic adhesions which are sometimes seen between subconfluent cells maintained in 
LKGM; 'weak stable', corresponding to the adhesions seen between cells treated with 
PD162531 in LKGM (and possibly between post-confluent cells maintained in LKGM); 
and 'strong', corresponding to the adhesions seen between cells incubated in high 
extracellular CP where large amounts of cadherin are localised to the junction. The 
amount of E-cadherin that would be localised to the cell-cell contacts is represented on 
the diagrams below the model and is the same for both types of 'weak' adhesion. 
In the model, the cell-cell adhesions exist in a state of dynamic equilibrium which 
can be shifted in favour of a particular type of adhesion by extracellular and intracellular 
factors. For example, inhibiting the Src-kinases changes the 'weak unstable' form of 
adhesion to the 'weak stable' adhesion. Switching to high extracellular CP causes the 
formation of weak cell-cell adhesions but does not produce a 'strong' adhesion unless a 
normal actin cytoskeleton is present. The 'weak' adhesions may only involve cadherin 
which is constitutively present in the cell membrane in LKGM whereas the 'strong' 
adhesion requires the actin-dependent translocation of additional cadherin to the cell- 
cell junction. This preliminary model requires fiu-ther testing, including the possible 
turnover of 'strong' adhesions by elevated Src kinase activity which will be a subject of 
future studies (section 10.7.2). 
This model for the modulation of adherens junction stability by the Src kinases is 
consistent with reports of elevated Src kinase activity in some invasive human cancers, 
for example c-Src and c-Yes in colorectal carcinoma (Skoudy et al., 1996; Pena et al, 
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1995; Cartwright et aL, 1990). The importance of these changes in Src activity was 
demonstrated by the expression of antisense c-Src in the HT 29 colorectal carcinoma 
cell line, resulting in reduced tumourigenicity in nude mice (Staley et aL, 1997). Thus, 
the disruption of adherens junctions by Src-family kinase mediated tyrosine 
phosphorylation could occur in vivo, not only permitting tissue remodelling during 
development and wound healing, but also contributing to the aberrant properties of 
malignant cells. 
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Figure 48 
A model for the regulation of adherens junction stability 
This schematic diagram represents the dynamic equilibrium of adherens junction 
stability that exists in human keratinocytes in vitro. The different levels of junction 
stability are 'weak unstable', 'weak stable', and 'strong'. The lower diagrams represent 
pairs of keratinocytes (grey), indicating the amount of E-cadherin that would be 
localised to the cell-cell contact areas (red) in each form of adhesion. 
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CH PTER 10 
GENERAL DISCUSSION, CONCLUSIONS 
AND FUTURE PROSPECTS 
10.1 THE ORIGIN OF THE CALCIUM-INDUCED SIGNAL 
The data presented in this study are supportive of a role for the keratinocyte cadherins in 
mediating Ca++-induced differentiation in vitro. This conclusion is consistent with 
reports of impaired differentiation in a variety human carcinomas, including squamous 
cell carcinoma, often coinciding with reduced or undetectable expression of E-cadherin 
(Siitonen et aL, 1996; Tada et aL, 1996; Tomson et aL, 1996; Hao et aL, 1997; 
Zschiesche et al., 1997). In addition, cells which no longer express E-cadherin 
aberrantly express proteins, such as secreted proteases, which contribute to the 
malignant phenotype (Miyaki et aL, 1995). Taken together, these studies strongly 
implicate the cadherins, and in particular E-cadherin as critical mediators of the 
epithelial phenotype. 
10.2 SIGNAL TRANSDUCTION FROM THE ADHERENS JUNCTION 
It is unlikely that cadherin-mediated cell-cell adhesion per se is sufficient to induce 
keratinocyte differentiation. However, signals originating from these cell-cell adhesions 
are likely to trigger the differentiation program. Signalling from the adherens junction is 
not well understood but is likely to be important given the profound influence adherens 
junctions have on cellular behaviour. Potential mediators of downstream signalling 
from the keratinocyte adherens junction include the adaptor protein Shc (section 
2.1.1 B), recently shown to bind to N-cadherin (Xu et aL, 1997a); P-catenin, a protein 
which has roles both in cell-cell adhesion and in signalling; and members of the Src- 
family kinases which are localised to keratinocyte adherens junctions and are involved 
in signalling from the focal adhesion (Schlaepfer and Hunter, 1996). The potential roles 
of these different signalling mediators will now be considered in more detail. 
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10.2.1 Signal transduction via O-catenin 
, 4. fl-catenin as a signal transducer in epithelial cells 
P-catenin is a molecule with multiple functions and can be present in a number of 
locations within the cell, including the cell-cell adhesions, the cytoplasm and the 
nucleus (Huber et al., 1996). In addition to its function in mediating interactions 
between cc-catenin and the cadherins, P-catenin is also involved in transducing signals 
initiated by the Wnt growth factors. It forms complexes with the Lef-I (lymphoid 
enhancer factor-1) transcription factor and with members of the Tcf-(T-cell factor) 
family of transcription factors thereby altering their activity (McCrea et al, 1993; 
Behrens et al., 1996; Molenaar et al., 1996; Korinek et al., 1997). These transcription 
factors are members of the HMG (high mobility group) family which cause DNA 
bending, thought to permit access to the DNA by other transcription factors including 
Ets-1, PEPB2a and ATF/CREB (Giese et al., 1992; Love et al., 1995). In Drosophila, 
there is a correlation between the levels of cytoplasmic Armadillo (the Drosophila 
catenin homologue), and cell fate, illustrating the importance of P-catenin-mediated 
signal transduction (Riggleman et al., 1990; Peifer et al., 1994). Furthermore, injecting 
P-catenin mRNA into Xenopus embryos induces the formation of a second body axis 
(Funayama et al., 1995). 
Excessive activity of the P-catenin/Lef-I and P-catenin/Tcf-4 complexes has been 
demonstrated in colon carcinoma cell lines which often have high levels of 
uncomplexed P-catenin. These catenin/transcription factor complexes are capable of 
binding to the E-cadherin promoter thereby reducing E-cadherin expression and perhaps 
contributing further to the aberrant behaviour of these cells (Huber et al., 1996). The 
elevated P-catenin levels in malignant cells are frequently due to dysfunctional 
adenomatous polyposis coli (APQ protein which normally regulates cytoplasmic P- 
catenin levels, or to alterations within P-catenin which increase its stability (Groden et 
al., 1991; Rubinfeld et al., 1993; Munemitsu et al., 1995; Korinek et al., 1997; 
Rubinfeld et al., 1997). APC binds to the armadillo repeats of P-catenin (HUlsken et 
al., 1994) and is present in the cytoplasm and nuclei of epithelial cells (Neufeld and 
White, 1997). Normally, P-catenin phosphorylated in the amino-terminal region by 
glycogen synthase kinase-3p (GSK3P, a serine/threonine kinase) binds to APC and is 
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subsequently targeted for degradation (Munemitsu et aL, 1995; Barth et aL. 1997). 
Although the amino-terminal region of P-catenin is not involved in mediating binding 
with APC, it is thought to regulate the dynamics of this association in some way (Morin 
et aL, 1997). The importance of the GSK3P phosphorylation. sites in P-catenin was 
illustrated by expressing P-catenin lacking them in MDCK cells, causing the cells to 
adopt a more scattered, fibroblastic Phenotype (Barth et aL, 1997). 
Defects in APC also occur in squamous cell carcinoma, and have been implicated 
in the development of the disease, suggesting that deregulated P-catenin could also 
contribute to this malignancy (Uzawa et al, 1994). However, it is not clear whether the 
levels of uncomplexed P-catenin are elevated in these cells, nor has the expression of 
genes which could be modulated by a P-catenin/transcription factor complex been 
investigated. In squarnous cell carcinoma, the expression of P-catenin is sometimes 
reduced, usually paralleling reduced E-cadherin expression, indicating that a general 
loss of adherens junction components may take place (Takayama et aL, 1996; Nakanishi 
et aL, 1997; Andrews et aL, 1997). Elucidation of the potential role of P-catenin in 
keratinocyte malignant transformation will require the measurement of uncomplexed P- 
catenin levels in normal and transformed cells. 
B. fl-catenin in the epidermis 
The cadherin-mediated adherens junctions compete with APC for free P-catenin thereby 
reducing the amount available for signalling and altering the intracellular distribution of 
P-catenin (Hillsken et al., 1994; Fagotto et aL, 1996; Hermiston et aL, 1996). 
Therefore, it is possible that the formation of cadherin-mediated adherens junctions in 
response to high extracellular Ca++ concentrations decreases the levels of free P-catenin 
in keratinocytes, thereby altering transcription and initiating the differentiation program. 
Consistent with this hypothesis, P-catenin is present in all the living layers of 
human epidermis, including the basal layer where commitment to differentiation takes 
place (Haflek et aL, 1996; Moles and Watt, 1997). Furthermore, the Lef-1 transcription 
factor is expressed in cultured human keratinocytes and in the basal keratinocytes of 
embryonic murine epidermis (Zhou et al., 1995b; Kratochwil et al., 1996). However, if 
signalling through P-catenin is a key regulator of keratinocyte differentiation in the 
I I/ ,/), 
epidermis, it must involve transcription factors other than Lef- I since Lef- I is probably 
not expressed in the postnatal murine epidermis (Zhou et al., 1995b). 
Studies to determine the role played by Lef-I in murine development have shown 
that Lef-I is most likely to be involved in skin appendage formation (Zhou et al., 
1995b). Targeted disruption of the lef-I gene results in mice with a histologically 
normal epidermis in which stratification and keratinisation occur normally, indicating 
that Lef-1 -mediated transcription is not vital for normal epidermal differentiation (van 
Genderen et al., 1994). Interestingly, body hair and whiskers are absent from the 
nullizygous lef-I mice indicating that Lef-I plays an indispensable role in hair 
formation. Another transcription factor which can interact with P-catenin is Tcf-1 (T- 
cell factor-1). However, mice made nullizygous for the tcf-I gene have no defects other 
than a reduced number of thymocytes, indicating the specialised function of this 
particular transcription factor (Castrop et al., 1995; Verbeek et al., 1995). Thus, if 
signalling via P-catenin occurs in adult human epidermis, it must involve mechanisms 
other than altering the activity of Lef- I or Tcf-l. 
To test the hypothesis that it is through altering the levels of uncomplexed P- 
catenin that the formation of adherens junctions induces keratinocyte differentiation, it 
would be necessary to measure the levels of free P-catenin in keratinocytes maintained 
in LKGM and in cells switched to HKGM to induce the formation of adherens 
junctions. This could be achieved by the use of a molecule comprising the cytoplasmic 
domain of E-cadherin conjugated to glutathione-S-transferase which binds to 
uncomplexed P-catenin but not to P-catenin complexed with E-cadherin or APC 
(Papkoff et al., 1996; Papkoff, 1997). If the hypothesis is correct, reducing the levels of 
uncomplexed P-catenin should induce differentiation. This provides one possible 
explanation for the observations of Zhu and Watt (1996) who found that expressing the 
cytoplasmic domain of E-cadherin in keratinocytes increased the proportion of 
differentiated cells. Whilst this manipulation increased the total levels of P-catenin, the 
authors did not measure the levels of uncomplexed P-catenin which may have been 
lower in the cells expressing the dominant-negative E-cadherin protein. 
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10.2.2 Signal transduction via Shc 
A potential mechanism for the transduction of signals from the adherens junction into 
the cell involves Shc, an adaptor protein which binds to N-cadherin via its SH2 domain 
and can recruit Grb2 thereby indirectly activating Ras (Xu et aL, 1997a and section 
2.1.113). This association between Shc and the cytoplasmic domain of N-cadherin 
requires the phosphorylation of N-cadherin by c-Src, providing one explanation for the 
localisation of members of the Src-family kinases to adherens junctions (Tsukita et aL, 
1991; section 9-2.1). Also, in A431 cells, the association between She and N-cadherin 
is decreased by reducing the extracellular Ca++ concentration, suggesting that Shc- 
mediated signalling could be influenced by the extracellular CP concentration (Xu et 
al., 1997a). 
Keratinocytes mainly express the 52 and 46kD forms of Shc (Mainiero et aL, 
1997) which have established roles in mitogenic signalling pathways involving p2 I Ras 
(e. g. Basu et aL, 1994; section 2.1.113). However, it is also possible that Shc could 
mediate signals which initiate the differentiation program in keratinocytes, perhaps by 
causing sustained activation of p2 IR' and hence MAP kinase.. In PC12 cells, the 
outcome of MAP kinase activation is determined by the duration of the MAPK 
response. Transient activity is mitogenic whereas prolonged activation stimulates 
differentiation (Marshall, 1996). We have not examined the role of Shc in Cp-induced 
human keratinocyte differentiation in vitro. 
10.2.3 Signal transduction via the Sre-family kinases 
In this study, we demonstrated the presence of members of the Src-family kinases at 
keratinocyte adherens junctions. Members of this family of protein tyrosine kinases 
have previously been shown to function in signal transduction from the cell surface, e. g. 
Lck from the CD4 receptor, Src from focal adhesions and from growth factor receptors 
(Schlaepfer et al., 1994; Schlaepfer et aL, 1996; Twarnley-Stein et aL, 1993; Veillette et 
aL, 1988). Furthermore, studies in murine keratinocytes have indicated that Fyn is 
involved in the keratinocyte differentiation process and that v-Src expression inhibits 
differentiation (Calautti et aL, 1995; Weissman and Aaronson, 1985). However, the 
Src-family kinase inhibitor failed to affect the expression of involucrin or filaggrin in 
response to calcium. This does not rule out the Src kinases as potential mediators of 
signalling from the adherens junctions, although there is currently no evidence that the 
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Src kinases relay signals from these adhesions. Thus, our data are most consistent with 
a role for the Src kinases in the control ofjunction turnover, perhaps during cell motility 
(section 10.3). 
10.3 ADHERENS JUNCTION STABILITY AND THE SRC-FAMILY KINASES 
The data presented in this study agree with data presented by other groups and indicate 
that the Src-family kinases are most likely involved in the control of cell-cell adhesion 
turnover (section 9.4.4). In normal epidermis, the turnover of adherens junctions may 
be required to permit differentiating cells to leave the basal layer and perhaps also to 
allow cell migration during wound healing. Although there are at least three Src- 
substrates present in keratinocyte adherens junctions (E-cadherin, P-catenin and p120c" 
- Behrens et aL, 1993), it is not clear how their phosphorylation affects junction 
stability. Studies have indicated that the phosphorylation of P-catenin and E-cadherin 
does not cause them to dissociate from one another although it is possible that their 
interactions with the actin cytoskeleton may be perturbed (Takeda et aL, 1995; Papkoff, 
1997). 
10.4 PROTEIN KINASE C AND KERATINOCYTE BEHAVIOUR 
Members of the protein kinase C family of enzymes are implicated in keratinocyte 
differentiation, particularly the PKCP and PKCij isozymes. PKCP is normally 
expressed in the upper layers of the epiden-nis but is virtually absent from psoriatic 
epidermis, suggesting that it may be involved in the control of keratinocyte proliferation 
or differentiation (Osada et aL, 1993). Furthermore, the PKCij isozyme may be 
involved in the granular to squamous transition in murine epidermis (Kuroki et aL, 
1997). Artificially activating PKC using PMA affects human keratinocyte 
differentiation in vitro, promoting features of terminal differentiation including cornified 
envelope assembly (Parkinson and Emmerson, 1982). 
PKC is also implicated in the regulation of keratinocyte cell-cell adhesion. 
Activating PKC using PMA, in vitro, induces the formation of adherens junctions. 
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Furthermore, PKC function is required for the formation of adherens junctions in 
response to high extracellular Caý+ concentrations (Lewis et aL, 1994a). Thus, in 
keratinocytes, PKC may be involved both in the formation of adherens junctions, 
perhaps having an opposite role to the Src kinases, and in the regulation of 
differentiation. More detailed analyses are required to separate the functions of the 
various PKC isozymes present in keratinocytes. 
10.5 CELL ADHESION AND IN V7VO DIFFERENTIATION 
A number of studies have shown that depriving keratinocytes of integrin-mediated 
matrix contact can initiate differentiation (Green, 1977; Watt et aL, 1988). In the in 
vitro system used for this study, cell-cell adhesion can also modulate keratinocyte 
differentiation. Thus, both the formation of cadherin-mediated cell-cell adhesions and 
the loss of integrin-mediated matrix contacts can induce keratinocyte differentiation. 
The possibility of a relationship between these two phenomena now arises and is 
discussed below. 
In the basal layer of the epidermis, some cells commit to terminal differentiation 
whilst others continue to proliferate, a decision which could be made on the basis of 
signals each cell receives from its adhesions. One possibility is that cell-matrix 
adhesions provide a signal which inhibits differentiation and in the case of the 
hemidesmosome is also mitogenic (Mainiero et aL, 1997). Conversely, the cell-cell 
adhesions produce a signal which promotes differentiation. In this model, shown 
schematically in Figure 49, the decision to differentiate would be made on the basis of 
the relative strengths of the signals originating from the cell-matrix and cell-cell 
adhesions. Thus, in cells totally deprived of cell-matrix contacts under artificial 
conditions, the 'default' response is differentiation. In adherent cells induced to form 
cell-cell adhesions, some cells receive a sufficiently strong signal from the adherens 
junctions that the signals originating in the cell-matrix adhesions are overridden and the 
cell differentiates. Supportive of this hypothesis, variations in the levels of E-cadherin 
and integrins in the basal layer of the epidermis have been reported (Moles and Watt, 
1997). Interestingly, an inverse relationship between cadherin levels and integrin levels 
exists, indicating that some cells may be more likely to differentiate (high cadherin, low 
179 
integrin) whilst others are more likely to proliferate (low cadherin, high integrin), if this 
hypothesis is correct. There are reports that the stem cells in the epidermis express high 
levels of integrins and it is possible that the levels of integrin expressed by the daughter 
cells may progressively decline as they progress through the transit-amplifying stages 
(Jones et aL, 1995). Conversely, cadherin expression may simultaneously increase in 
these cells, which would then reach a state of differentiation-competence after 
completing a certain number of divisions. Once differentiation has been initiated, the 
cells then lose integrin function, facilitating their expulsion from the basal layer of the 
epidermis (Hodivala and Watt, 1994). 
The mechanism by which detachment from the extracellular matrix induces 
aspects of differentiation is not clear. One explanation is that depriving keratinocytes of 
their contacts with the matrix causes detachment-induced cell death, or anoikis (Frisch 
and Francis, 1994), and that a consequence of this is that the cells express some 
differentiation-specific proteins such as involucrin. Under these circumstances, the 
expression of these differentiation-specific proteins would be a component of a 
specialised apoptotic process, perhaps evolved to prevent the proliferation of 
keratinocytes prematurely detached from the basement membrane. Supportive of this 
hypothesis, suspending keratinocytes in methyl-cellulose induces features of apoptosis 
including DNA degradation and a reduction in the abundance of BCI-XL (Rodeck et aL, 
1997). However, it is also possible that normal in vivo differentiation has certain 
features in common with apoptosis. Keratinocytes in the spinous and granular layers of 
adult epidermis contain fragmented DNA, indicating that they may be undergoing 
apoptosis during these phases of the differentiation process (Polakowska et aL, 1994). 
However, DNA fragmentation occurs at a much later time than involucrin expression is 
first seen in vivo. In contrast, in cells induced to differentiate by suspension in methyl- 
cellulose, DNA degradation is apparent after 24 hours, at the time when increased 
involucrin expression is first seen (Rodeck et aL, 1997; Kubler et aL, 1991; Nicholson 
and Watt, 199 1). Furthermore, when cells are deprived of their matrix contacts, BcI-XL 
protein levels begin to fall after only 4 to 6 hours, at the time when involucrin mRNA 
levels have increased only very slightly (Nicholson and Watt, 1991). 
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Figure 49 
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Fip-ure 49 
Possible adhesive influences on keratinocyte differentiation 
A model for the influences of cell-cell and cell-matrix adhesion on keratinocyte 
differentiation in the basal layer of the epidermis. Signals originating from adherens 
junctions promote differentiation whereas signals originating from integrin-mediated 
adhesions inhibit differentiation. The outcome depends on the relative strengths of 
these opposing signals. 
Possible adhesive influences on keratinocyte 
differentiation 
Adherens 
junctions 
Differentiation 
Intearin-mediated 
adhesions 
Taken together, these data indicate that artificially depriving keratinocytes of 
matrix contacts may induce the expression of differentiation-specific proteins by causing 
a specialised form of apoptosis since features of apoptosis and early differentiation 
appear almost simultaneously. Although DNA fragmentation may also be a normal 
component of differentiation, this does not occur until relatively late in the 
differentiation process. This suggests that differentiation induced by suspension culture 
is not equivalent to in vivo differentiation. 
No evidence that treating keratinocytes with high extracellular Caý' concentrations 
induced apoptosis was obtained in this study, indicating that the formation of cadherin- 
mediated adherens junctions does not provide a stimulus equivalent to depriving 
keratinocytes of their contacts with the extracellular matrix. Thus, in this model system, 
any loss of integrin-mediated adhesions with the extracellular matrix is most likely to be 
a consequence of the differentiation program, thereby allowing differentiated cells to 
move into the 'suprabasal' layers of the groups of adherent keratinocytes. DNA 
fragmentation may then occur at a later stage in these differentiated cells, similar to 
normal epidermis. 
10.6 CADHERINS AS MEDIATORS OF DIFFERENTIATION IN OTHER SYSTEMS 
Other systems have been identified where the formation of cadherin mediated adhesions 
promotes differentiation. One study demonstrated that N-cadherin or E-cadherin- 
mediated cell-cell adhesions between BHK fibroblast-like cells stimulated cell-cycle 
withdrawal and differentiation into skeletal muscle (Redfield et aL, 1997). Similarly, N- 
cadherin is also involved in the differentiation of primitive streak stage epiblast cells 
into skeletal muscle in vitro (George-Weinstein et aL, 1997). Additional evidence that 
cadherins can influence the cell phenotype came from studies on human squamous cell 
carcinoma cells which sometimes aberrantly express N-cadherin. These cells have a 
more mesenchymal fibroblastic phenotype which is reverted to an epithelial phenotype 
by the introduction of N-cadherin antisense oligonucleotides (Islam et aL, 1996). Thus, 
the cadherins may control epithelial-mesenchymal transitions. 
It has also been demonstrated that expressing different cadherins in embryonic 
stem (ES) cells can cause the differentiation of these cells into different tissue types 
(Larue et aL, 1996). This cell type nonnally expresses E-cadherin initially, and when 
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injected into syngeneic mice, produces a teratoma consisting of a variety of different 
tissue types, e. g. bone, epithelium. However if these cells are made nullizygous for the 
E-cadherin gene, they are unable to form any organised structures within the teratoma. 
In addition, these cells express the mesenchymal gene, T-brachyury (Herrmann, 1991). 
Conversely, if these cells are made to express E-cadherin constitutively, they 
differentiate into exclusively epithelial structures in the teratoma and no longer express 
T-brachyury. A similar experiment using N-cadherin instead of E-cadherin produces 
cells which only differentiate into cartilage and neuroepitheliurn and express T- 
brachyury. Thus, an emerging theme is that the cadherins expressed by a cell exert a 
strong influence on its phenotype. 
10.7 CONCLUSIONS 
In this study I sought to define the role of the Src kinases in CP-induced human 
keratinocyte differentiation in vitro. The data presented are more consistent with a role 
for the Src kinases in regulating adherens junction turnover but do not exclude a role in 
modulating differentiation in vivo. In addition, I have identified the cadherin-mediated 
adherens junctions as the likely origin of the signal which initiates the differentiation 
program in response to high extracellular Caý+ concentrations in vitro, consistent with 
other reports of the cadliprins controlling differentiation. 
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10.8 FUTURE PROSPECTS 
The data generated in this study have indicated a number of aspects of cell adhesion and 
keratinocyte behaviour which invite further investigation. As a result of these findings, 
we have obtained a one year strategic project grant from the Medical Research Council 
to continue this work. Thus, I will extend our cadherin experiments and further define 
the role of the Src kinases at adherens junctions as detailed below. 
10.8.1 The role of the cadherins in keratinocyte differentiation 
A. Cadherin clustering 
To extend the cadherin clustering experiments, more quantitative analyses of the 
induction of differentiation-specific proteins by cadherin clustering will be carried out. 
In the first instance, immunoblots or ELISAs for involucrin and other differentiation- 
specific proteins will be performed. A more suitable approach to clustering the cell- 
surface cadherins, making efficient use of the antisera available, would be to coat 
polystyrene beads with DECMA-1 (or HECD-1) or anti-P-cadherin (NCC-CAD-299) as 
described in Braga et al., (1997) and then using these beads to directly cluster cell- 
surface cadherins. In the aforementioned study, very clear E-cadherin clustering on the 
cell surface was induced by such beads. Additional analyses of cells treated to cluster 
E-cadherin and P-cadherin will also be performed, including timecourse studies to 
follow the kinetics of the induction of a range of differentiation-specific proteins, cell 
viability assays by dye exclusion or clonogenic assays and the quantification of any 
apoptosis using TUNEL labelling (Gavrieli et al., 1993). 
B. Cadherin blocking 
The cadherin blocking experiments will also be extended in the near future. The effects 
of the blocking peptide, derived from avian N-cadherin, suggest that it may interfere 
with the function of both keratinocyte E-cadherin and P-cadherin. However, recent 
reports from other investigators have shown that peptides identical to cadherin 
recognition sequences are much more effective at blocking the cadherin to which they 
are homologous than are other closely related cadherins (Willems et al., 1995). Thus, a 
more effective suppression of cell-cell adhesion in keratinocytes may be achieved using 
a cocktail of specific E-cadherin and P-cadherin blocking peptides. Furthermore, 
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treating the cells with only one of these specific peptides might allow the roles of E- and 
P-cadherin in this process to be distinguished. These peptides are currently being 
synthesised. 
The potential toxic effects of the cadherin-blocking peptides will also be 
investigated. A simple and effective assay of cell viability would be to determine the 
reversibility of the effects of the peptides. This will be achieved by treating cells with 
the blocking peptides in HKGM and then rinsing the cells to remove the peptide after a 
suitable incubation time. At this stage, viable cells will aggregate, differentiate and 
stratify in response to high extracellular Ca++. 
The proportion of differentiated cells in peptide-treated cultures was not 
determined due to the difficulty of counting stratified keratinocytes (section 8.3.2). 
Immunoblotting for differentiation-specific proteins would provide a more quantitative 
measure of the effect of the peptides on keratinocyte differentiation but would require 
excessive amounts of peptide to treat the cells. Therefore, the amounts of 
differentiation-specific proteins expressed in the presence and absence of cadherin- 
blocking peptide will be quantitated by ELISA which will require the treatment of fewer 
cells than immunoblotting. 
10.8.2 The role of the Src kinases in keratinocytes 
The work on the role of the Src kinases in keratinocyte adhesion and differentiation will 
be extended, using different approaches to fully characterise the role played by these 
kinases. To investigate the regulation of adherens junction stability by c-Src, Fyn and c- 
Yes individually, keratinocytes will be prepared from neonatal c-src, Jyn and c-Yes 
nullizygous mice (Soriano et aL, 1991; Stein et aL, 1992; Stein et aL, 1994). These 
cells will be used in aggregation assays in the presence of low and high extracellular 
Ca' to determine the stability of the cell-cell adhesions, and will be compared with 
cells derived from normal littermates. The specificity of the cell-cell adhesions will be 
ascertained by the use of blocking antisera or peptides. 
The severing of adherens junctions will also be investigated by inducing 
nullizygous cells to aggregate with a relatively brief incubation in high extracellular 
Ca' and then returning these cells to low extracellular Ca++. In the absence of the 
function of a kinase required to turn over the adhesion, it is likely that the adhesions will 
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remain intact even in low extracellular Caý+. This will allow the involvement of the Src 
kinases in keratinocyte adherens junction turnover to be verified. 
To determine the structural domains of Src required for Src-induced disassembly 
of cell-cell adhesions we will use chicken embryo fibroblasts (CEF) which utilise N- 
cadherin to form intercellular adhesions at high density (Hatta and Takeichi, 1986). In 
the presence of constitutively active v-Src, these N-cadherin-mediated adhesions 
become unstable (Hamaguchi et aL, 1993). v-Src with mutated myristylation sequence, 
kinase, SH2 and SH3 domains have been generated in our laboratory from existing 
temperature-dependent v-Src variants. The use of these mutants may also allow the 
identification of the adhesion components with which Src functionally interacts during 
the process of adherens junction turnover. 
186 
REFERENCES 
187 
Adams, J. C. and Watt, F. M. (1989) Fibronectin inhibits the terminal differentiation of 
human keratinocytes. Nature (London), 340: 3 07-3 09 
Adams, J. C. and Watt, F. M. (1990) Changes in keratinocyte adhesion during terminal 
differentiation: reduction in fibronectin binding precedes (x5 PI integrin loss from 
the cell surface. Cell, 63: 425-435 
Afanas'ev, V. N., Korol, B. A., Mantsygin, Yu. A., Nelipovich, P. A., Pechatnikov, V. A. 
and Umansky, S. R. (1986) Flow cytometry and biochemical analysis of DNA 
degradation characteristic of two types of cell death. FEBS. Lett., 194: 347-350 
Ahmed, S., Lee., J., Kozma, R., Best, A., Monfries, C. and Lim, L. (1993) A novel 
functional target for tumour-promoting phorbol esters and lysophosphatidic acid. 
The p2 I rac-GTPe activating protein n-chimaerin. J BW Chem., 268: 10709-10783 
Akimoto, K., Mizuno, K., Osada, S., Hirai, S., Tanuma, S., Suzuki, K and Ohno, S. 
(1994) A new member of the third class in the protein kinase C family, PKC 
lambda, expressed dominantly in an undifferentiated mouse embryonal carcinoma 
cell line and also in many tissues and cells. J BioL Chem., 269: 15677-12683 
Akiyma, S. K., Yamada, S. S., Chen, W. T. and Yamada, K. M. (1989) Analysis of 
fibronectin receptor function with monoclonal antibodies: roles in cell adhesion, 
migration, matrix assembly, and cytoskeletal organisation. J Cell BioL, 109: 863- 
875 
Al-Ani, A. M., Messenger, A. G., Lawry, J., Bleehen, S. S. and MacNeil, S. (1988) 
Calcium/calmodulin regulation of the proliferation of human epidermal 
keratinocytes, dermal fibroblasts and mouse B 16 melanoma cells in culture. Br. J 
Dermatol., 119: 295-306 
Alitalo, K., Kuismanen, E., Myllyla, R., Kiistala, U., Asko-Selijavaara, S., and Vaheri, 
A. (1982) Extracellular matrix proteins of human epidermal keratinocytes and 
feeder 3T3 cells. J Cell BioL, 94: 497-505 
Amagai, M., Klaus-Kovtun, V. and Stanley, J. R. (199 1) Autoantibodies against a 
novel epithelial cadherin in pernphigus vulgaris, a disease of cell adhesion. Cell, 
67: 869-877 
Amagai, M., Fujimori, T., Masunaga, T., Shimizu, H., Nishikawa, T., Shimizu, N., 
Takeichi, A and Hashimoto, T. Q 995) Delayed assembly of desmosomes in 
keratinocytes with disrupted classic-cadherin-mediated cell adhesion by a dominant 
negative mutant. J Invest. DermatoL, 104: 27-32 
Andrews, N. A., Jones, A. S., Helliwell, T. R. amd Kinsella, A. R. (1997) Expression of 
the E-cadherin-catenin cell adhesion complex in primary squamous cell carcinomas 
of the head and neck and their nodal metastases. Br. J Cancer, 75: 1474-1480 
188 
Amemann, J. Sullivan, K. H., Magee, A. I., King, I. A. and Buxton, R. S. (1993) 
Stratification-related expression of isoforms of the desmosomal cadherins in 
human epidermis J Cell Sci., 104: 741-750 
Badley, R. A., Woods, A., Carruthers, L. and Rees, D. A. (1980) Cytoskeleton changes 
in fibroblast adhesion and detachment. J Cell ScL, 43: 379-390 
Balsamo, J., Leung, T., Ernst, H., Zanin, M. K., Hoffman, S. and Lilien, J. (1996) 
Regulated binding of PTP I B-like phosphatase to N-cadherin: control of cadherin- 
mediated adhesion by dephosphorylation of P-catenin. J Cell Blol., 134: 801-813 
Banks-Schlegel, S. and Green, H. (198 1) Involucrin synthesis and tissue assembly by 
keratinocytes in natural and cultured human epithelia. J Cell Biol., 90: 732-737 
Barth, A., Pollack, A. L., Altschuler, Y., Mostov, K. E. and Nelson, W. J. (1997) NH2- 
terminal deletion of P-catenin results in stable colocalisation of mutant P-catenin 
with adenomatous polyposis coli protein and altered MDCK cell adhesion. J Cell 
BioL, 136: 693-706 
Basu, T., Warne, P. H. and Downward, J. (1994) Role of Shc in the activation of Ras 
in response to epidermal growth factor and nerve growth factor. Oncogene, 9: 
3483-3491 
Behrens, J., Vakaet, L., Friis, R., Winterhager, E., Van Roy, F., Marcel, M. M. and 
Birchmeier, W. (1993) Loss of epithelial differentiation and gain of invasiveness 
correlates with tyrosine phosphorylation of the E-cadherin/0-catenin complex in 
cells transformed with a temperature-sensitive v-SRC gene. J Cell Biol., 120: 757- 
766 
Behrens, J. (1994) Cell contacts, differentiation, and invasiveness of epithelial cells. 
Invasion Metastasis, 14: 61-70 
Behrens, J., von Kries, J. P., Kuhl, M., Bruhn, L., Wedlich, D., Grosschedl, R. and 
Birchmeier, W. (1996) Functional interaction of P-catenin with the transcription 
factor LEF- 1. Nature (London) 382: 63 8-642 
Bergman, M., Mustelin, T., Oetken, C., Partanen, J., Flint, N. A., Amrein, K. E., 
Autero, M., Bum, P. and Alitalo, K. (1992) The human p5ocsk tyrosine kinase 
phosphorylates p561ck at Tyr-505 and down regulates its catalytic activity. EMBO 
J, 11: 2919-2924 
Bernard, B. A., Asselineau, D., Schaffar-Deshayes, L. Darmon M. Y. (1988) Abnormal 
sequence of expression of differentiation markers in psoriatic epidermis: inversion 
of two steps in the differentiation program? J Invest. Dermatol., 90: 801-805 
189 
Berndorff, D., Gessner, R., Kreft, B., Schnoy, N., Lajous-Petter, A. M., Loch, N., 
Reutter, W., Hortsch, M. and Tauber, R. (1994) Liver-intestine cadherin: molecular 
cloning and characterisation of a novel W+-dependent cell adhesion molecule 
expressed in liver and intestine. J Cell Biol., 125: 1353-1369 
Bikle, D. D., Ratnam, A., Mauro, T., Harris, J. and Pillai, S. (1996) Changes in 
calcium responsiveness and handling during keratinocyte differentiation. Potential 
role of the calcium receptor. J Clin. Invest., 97: 1085-1093 
Birchmeier, W. and Behrens, J. (1994) Cadherin expression in carcinomas: role in the 
formation of cell junctions and the prevention of invasiveness. Biochim. Biophys. 
Acta., 1198: 11-26 
Blaschuk, O. W., Sullivan, R., David, S., and Pouliot, Y. (1990) Identiflcation of a 
cadherin cell adhesion recognition sequence. Dev. Bid, 139: 227-229 
Blumenberg, M., Connolly, D. M. and Freedberg, I. M. (1992) Regulation of keratin 
gene expression: the role of the nuclear receptors for retinoic acid, thyroid 
hormone, and vitamin D3. J. Invest. Dermatol., 98 (6 Suppl): 42S-49S 
Bonfini, L., Karlovich, C. A., Dasgupta, C., Banerjee, U. (1992) The Son of sevenless 
gene product: a putative activator of Ras. Science, 255: 603-606 
Borradori, L., and Sonnenberg, A. (1996) Hemidesmosomes: roles in adhesion,, 
signaling and hwnan diseases. Curr. Opin. Cell Biol., 8: 647-656 
Bornslaeger, E. A., Corcoran, C. M., Stappenbeck, T. S. and Green, K. J. (1996) 
Breaking the connection: displacement of the desmosomal plaque protein 
desmoplakin from cell-cell interfaces disrupts anchorage of intermediate filament 
bundles and alters intercellular junction assembly. J Cell Biol., 134: 985- 1001 
Boyce, S. T. and Ham, R. G. (1983) Calcium-regulated differentiation of normal human 
epidermal keratinocytes in chemically defined clonal culture and serum-free serial 
culture. J Inv. DermatoL, 81 (1 Suppl): 33s-40s 
Boyer, B., Roche, S., Denoyelle, M. and Thiery, J. P. (1997) Src and Ras are involved 
in separate pathways in epithelial cell scattering. EMBO J, 16: 5904-5913 
Brady-KaInay, S. M., Rimm, D. L. and Tonks, N. K. (1995) Receptor protein tyrosine 
phosphatase PTPg associates with cadherins and catenins in vivo. J Cell Biol., 
130: 977-986 
Braga, V. M., Hodivala, K. J. and Watt, F. M. (1995) Calcium-induced changes in 
distribution and solubility of cadherins, integrins and their associated cytoplasmic 
proteins in human keratinocytes. Cell Adhes. Commun., 3: 201-215 
Braga, V. M., Machescky, L. M., Hall., A. and Hotchin, N. A. (1997) The small 
GTPases Rho and Rac are required for the establishment of cadherin-dependent 
cell-cell contacts. J. Cell Biol., 137: 1421-1431 
190 
Broome, M. A. and Hunter, T. (1995) The PDGF receptor phosphorylates Tyr 13 8 in 
the c-Src SH3 domain in vivo reducing peptide ligand binding. Oncogene, 14: 17- 
34 
Bullions, L. C., Notterman, D. A., Chung, L. S. and Levine, A. J. (1997) Expression of 
wild-type a-catenin protein in cells with a mutant cc-catenin gene restores both 
growth regulation and tumour suppressor activities. Mol. Cell Biol., 17: 45014508 
Buxton, R. S., Cowin, P., Franke, W. W., Garrod, D. R., Green, K. J., King, I. A., Koch, 
P. J., Magee, A. I., Rees, D. A., Stanley, J-R. and Steinberg, M. S. (1993) 
Nomenclature of desmosomal cadherins. J Cell Biol., 121: 481-483 
Byrne, C., Tainsky, M., Fuchs, E. (1994) Programming gene expression in developing 
epidermis. Development, 120: 2369-2383 
Calalb, M. B., Polte, T. R. and Hanks, S. K. (1995) Tyrosine phosphorylation of focal 
adhesion kinase at sites in the catalytic domain regulates kinase activity: a role for 
Src family kinases. MoL Cell BioL, 15: 954-963 
Calautti, E., Missero, C., Stein, P. L., Ezzell, R. M. and Dotto, G. P. (1995) Fyn tyrosine 
kinase is involved in keratinocyte differentiation control. Genes Dev., 9: 2279- 
2291 
Carroll, J. M., Romero, M. R. and Watt, F. M. (1995) Suprabasal integrin expression in 
the epidermis of transgenic mice results in developmental defects and a phenotype 
resembling psoriasis. Cell, 83: 957-968 
Carter, W. G., Wayner, E. A., Bouchard, T. S. and Kaur, P. (1990a) The role of 
integrins (X201 and a3pi in cell-cell and cell-substrate adhesion of human epidermal 
cells. J CeIlBioL, 110: 1387-1404 
Carter, W. G., Kaur, P., Gil, S. G., Gahr, P. J. and Wayner, E. A. (1990b) Distinct 
functions for integrins (X3P I in focal adhesions and a6p4/bullous pernphigoid 
antigen in a new stable anchoring contact (SAC) of keratinocytes: relation to 
hemidesmosomes. J Cell BioL, Ill: 3141-3154 
Carter, W. G., Ryan, M. C. and Gahr, P. J. (199 1) Epiligrin, a new cell adhesion ligand 
for integrin a3 PI in epithelial basement membranes. Cell, 65: 599-6 10 
cartwright, C. A., Meisler, A. I. and Eckhart, W. (1990) Activation of the pp60'-s" 
protein kinase is an early event in colonic carcinogenesis. Proc. NatL Acad. Sci. 
(USA), 87: 558-562 
Castagna, M., Takai, Y., Kaibuchi, K., Sano, K., Kikkawa, U. and Nishizuka, Y. 
(1982) Direct activation of calcium-activated, phospholipid-dependent protein 
kinase by tumour-promoting phorbol esters. J Biol. Chem. 257: 7847-7851 
191 
Castrop, J., Verbeek, S., Hothuis, F. and Clevers, H. (1995) Circumvention of 
tolerance for the nuclear T cell protein TCF- I by immunization of TCF- I knock- 
out mice. Immunobiology, 193: 281-287 
Cavani, A., Zambruno, G., Marconi, A., Manca, V., Marchetti, M. znd Gianetti, A. 
(1993) Distinctive integrin expression in newly forming epidermis during wound healing in humans. J Invest. DermatoL, 101: 600-604 
Chapman, S. J. and Walsh, A. (1990) Desmosomes, corneosomes and desquarnation. 
An ultrastructural study of adult pig epidermis. Arch. DermatoL Res., 282: 304- 
310 
Chardin, P. Camonis, J. H., Gale, N. W., van Aelst, L., Schlessinger, J., Wigler, M. H. 
and Bar-Sagi, D. (1993) Human Sos 1: a guanine nucleotide exchange factor for 
Ras that binds to GRB2. Science, 260: 1338-1343 
Chen, Q., Kinch, M. S., Lin, T. H., Burridge, K. and Juliano, R. L. (1994) Integrin- 
mediated cell adhesion activates mitogen-activated protein kinases. J Biol. Chem., 
269: 26602-26605 
Chitaev, N. A. and Troyanovsky, S. M. (1997) Direct Caý'-dependent heterophilic 
interaction between desmosomal cadherins, desmoglein and desmocollin, 
contributes to cell-cell adhesion. J Cell Biol., 138: 193-201 
Chow, L. M., Tournel, M., Davidson, D. and Veillette, A. (1993) Negative regulation 
of T-cell receptor signalling by tyrosine protein kinase P50csk. Nature (London), 
365: 156-160 
Citi, S. (1992) Protein kinase inhibitors prevent junction dissociation induced by low 
extracellular calcium in MDCK epithelial cells. J Cell BioL, 117: 169-178 
Clark, R. A., Lanigan, J. M., DellaPelle, P., Manseau, E., Dvorak, H. F. and Colvin, 
R. B. (1982) Fibronectin and fibrin provide a provisional matrix for epidermal cell 
migration during wound reepithelialization. J Invest. Dermatol., 79: 264-269 
Clausen, O. P., Elgjo, K., Kirkhus, B., Pedersen, S. and Bolund, L. (1983) DNA 
synthesis in mouse epidermis: S phase cells that remain unlabelled after pulse 
labeling with DNA precursors progress slowly through S. J Invest. Dermatol., 81: 
545-549 
Collett, M. S. and Erikson, R. L. (1978) Protein kinase activity associated with the 
avian sarcoma virus src gene product. Proc. NatI. Acad Sci. (USA), 75: 2021-2024 
Cooper, J. A. (1990) The src family of protein-tyrosine kinases, in Peptides and 
Protein Phosphorylation (Kemp, B. E. ed. ) pp104-113. CRC Press, Florida. 
Cooper, J. A. and MacAuley, A. (1988) Potential positive and negative autoregulation 
of p60'-" by intermolecular autophosphorylation. Proc. NatI. Acad Sci. (U 
85: 4232-4236 
192 
Cooper, D., Schermer, A. and Sun, T. T. (1985) Classification of human epithelia and 
their neoplasms using monoclonal antibodies to keratins. Lab. Invest., 52: 243-256 
Coppolino, M., Leung-Hagesteijn, C., Dedhar, S. and Wilkins, J. (1995) Inducible 
interaction of integrin ec2pi with calreticulin. Dependence on the activation state of 
the integrin. J Blol. Chem., 270: 23132-23138 
Coppolino, M. G., Woodside, M. J., Demaurex, N., Grinstein, S., St-Arnaud, R. and 
Dedhar, S. (1997) Calreticulin is essential for integrin-mediated calcium signalling 
and cell adhesion. Nature (London), 386: 843 -847 
Courtneidge, S. A. (1985) Activation of the pp60'""' kinase by middle T antigen 
binding or by dephosphorylation. EMBO J, 4: 1471-1477 
Courtneidge, S. A. and Smith, A. E. (1983) Polyoma virus transforming protein 
associates with the product of the c-src cellular gene. Nature, 303: 435-439 
Couture, C., Baier, G., Oetken, C., Williams, S., Telford, D., Marie-Cardine, A., 
Baier-Bitterlich, G., Fischer, S., Bum, P., Altman, A. and Mustelin, T. (1994) 
Activation of p56 Ick by p72 syk through physical association and N-terminal tyrosine 
phosphorylation. MoL Cell BioL, 14: 5249-525 8 
Dale, B. A., Holbrook, K. A. and Steinert, P. M. (1978) Assembly of stratum corneurn 
basic protein and keratin filaments into macrofibrils. Nature (London), 276: 729- 
731 
Dale, B. A., Scofield, J. A., Hennings, H., Stanley, J. R. and Yuspa, S. H. (1983) 
Identification of filaggrin in cultured mouse keratinocytes and its regulation by 
calcium. J Invest. DermatoL, 81 (1 Suppl): 90S-95S 
Daniel, J. M. and Reynolds A. B. (1995) The tyrosine kinase substrate pI 20CAS binds 
directly to E-cadherin but not to the adenornatous polyposis coli protein or CC- 
catenin. MoL Cell BioL, 15: 4819-4824 
Davis, S., Lu, M., Lo, S., Lin, S., Butler, J., Druker, B., Roberts, T., An, Q. and Chen, 
L. (199 1) Presence of an SH2 domain in the actin-binding protein tensin. Science, 
252: 712-715 
Davidson, D., Chow, L. M. and Veillette, A. (1997) Chk, a Csk family tyrosine protein 
kinase, exhibits Csk-like activity in fibroblasts, but not in an antigen-specific T-cell 
line. J Biol. Chem., 272: 1355-1362 
Davison, P., Liu, S. and Karasek, A (1979) Limitations in the use of 3 H-thymidine 
incorporation into DNA as an indicator of epidermal keratinocyte proliferation in 
vitro. Cell Tissue Kinet, 12: 605-614 
193 
Dent, P., Reardon, D. B., Morrison, D. K. and Sturgill, T. W. (1995) Regulation of Raf- 
I and Raf- I mutants by Ras-dependent and Ras-independent mechanisms in vitro. 
MoL Cell Biol., 15: 4125-413 5 
Dlugosz, A. A. and Yuspa, S. H. (1993) Coordinate changes in gene expression which 
mark the spinous to granular cell transition in epidermis are regulated by protein 
kinase C. J Cell Biol., 120: 217-225 
Dlugosz, A. A. and Yuspa, S. H. (1994) Protein kinase C regulates keratinocyte 
transglutaminase (Tgk) gene expression in cultured primary mouse epidermal 
keratinocytes induced to terminally differentiate by calcium. J Invest. DermatoL, 
102: 409-414 
Donalies, M., Cramer, M., Ringwald, M. and Starzinski-Powitz, A. (199 1) Expression 
of M-cadherin, a member of the cadherin multigene family, correlates with 
differentiation of skeletal muscle cells. Proc. NaM Acad. Sci. (USA), 88: 8024- 
8028 
Downing, J. R. and Reynolds, A. B. (1991) PDGF, CSF-I, and EGF induce tyrosine 
phosphorylation of p120, a pp60s" transformation-associated substrate. Oncogene, 
6: 607-613 
Drozdoff, V. and Pledger, W. J. (1993) Commitment to differentiation and expression 
of early differentiation markers in murine keratinocytes in vitro are regulated 
independently of extracellular calcium concentrations. J Cell Biol., 123: 909-919 
Duke, R. C., Chervenak, R. and Cohen, J. J. (1983) Endogenous endonuclease-induced 
DNA fragmentation: an early event in cell-mediated cytOlYsis. Proc. NatI. Acad. 
ScL (USA), 80: 6361-6365 
Eckhart, W., Hutchinson, M. A. and Hunter, T. (1979) An activity phosphorylating 
tyrosine in polyorna T antigen immunoprecipitates. Cell, 18: 925-933 
Elder, J. T., Astrom, A., Pettersson, U., Tavakkol, A., Krust, A., Kastner, P., 
Chambon, P. and Voorhees, J. J. (1992) Retinoic acid receptors and binding 
proteins in human skin. J Invest. DermatoL, 98 (6 Suppl): 3 6S-4 1S 
Eller, M. S., Harkness, D. D, Bhawan, J. and Gilchrest, B. A. (1994) Epidermal 
differentiation enhances CRABP 11 expression in human skin. J Invest. Dermatol., 
103: 785-790 
Ellis, C., Moran, M., McCormick, F. and Pawson T. (1990) Phosphorylation of GAP 
and GAP-associated proteins by transforming and mitogenic tyrosine kinases. 
Nature (London), 343: 377-381 
Epstein, W. L. and Maibach, H. I. (1965) Cell renewal in hurnan epidermis. Arch. 
Dermatol., 92: 462-468 
19 
Eriksson, J. E., Opal, P. and Goldman, R. D. (1992) Intermediate filament dynamics. 
Curr. Opin. Cell BioL, 4: 99-104 
Erikson, E. and Erikson, R. L. (1983) Antigenic and structural studies on the 
transforming proteins of Rous sarcoma virus and Yamaguchi 73 avian sarcoma 
virus. Virology, 130: 221-226 
Fagotto, F., Funayama, N., Gluck, U. and Gumbiner, B. M. (1996) Binding to 
cadherins antagonizes the signalling activity of P-catenin during axis formation in 
Xenopus. J Cell BioL, 132: 1105-1114 
Ferracini, R. and Brugge, J. (1990) Analysis of mutant forms of the c-Src gene 
product containing a phenylalanine substitution for tyrosine 416. Oncogene Res., 
5: 205-219 
Filvaroff, E., Calautti, E., Reiss, M. and Dotto, G. P. (1994) Functional evidence for an 
extracellular calcium receptor mechanism triggering tyrosine kinase activation 
associated with mouse keratinocyte differentiation. J MoL Chem., 269: 21735- 
21740 
Fincham, V. J., Unlu, M., Brunton, V. G., Pitts, J. D., Wyke, J. A. and Frame, M. C. 
(1996) Translocation of Src kinase to the cell periphery is mediated by the actin 
cytoskeleton under the control of the Rho family of small G proteins. J Cell Biol., 
135: 1551-1564 
Fisher, G. J., Tavakkol., A., Leach, K., Bums, D., Basta, P., Loomis, C., Griffiths, 
C. E., Cooper, K. D., Reynolds, N. J., Elder, J. T., Livneh, E. and Voorhees, J. J. 
(1993) Differential expression of protein kinase C isozymes in normal and psoriatic 
adult human skin: reduced expression of protein kinase C PH in psoriasis. i 
Invest. DermatoL, 101: 553-559 
Folk, J. E. and Chung, S. I. (1973) Molecular and catalytic properties of 
transglutarninases. Adv. Enzymol. Relat. Areas Mol Biol., 38: 109-191 
Frisch, S. M. and Francis, H. (1994) Disruption of epithelial cell-matrix interactions 
induces apoptosis. J Cell BioL, 124: 619-626 
Frixen, UR, Behrens, J., Sachs, M., Eberle, G., Voss, B., Warda, A., Lochner, D. and 
Birchmeier, W. (199 1) E-cadherin-mediated cell-cell adhesion prevents 
invasiveness of human carcinoma cells. J Cell BioL, 113: 173-185 
Fuchs, E. and Green, H. (1980) Changes in keratin gene expression during tenninal 
differentiation of the keratinocyte. Cell, 19: 1033-1042 
Fujita, M., Furukawa, F., Fujii, K., Horiguchi, Y., Takeichi, M. and Imamura, S. 
(1992) Expression of cadherin cell adhesion molecules during human skin 
development: morphogenesis of epidermis, hair follicles and eccrine sweat ducts. 
Arch. DermatoL Res., 284: 159-166 
195 
Fukuyama, K., Kakimi, S. and Epstein, W. L. (1980) Detection of a fibrous component 
in keratohyalin granules of newborn rat epidermis. J Inv. DermatoL, 74: 174-180 
Funayama, N., Fagotto, F., McCrea, P., and Gumbiner, B. M. (1995) Embryonic axis 
induction by the armadillo repeat domain of P-catenin: evidence for intracellular 
signaling. J Cell Biol., 128: 959-968 
Gates. R. E., King, L. E., Hanks, S. K. and Nanney, L. B. (1994) Potential role for focal 
adhesion kinase in migrating and proliferating keratinocytes near epidermal 
wounds and in culture. Cell Growth Differ., 5: 891-899 
Gavrieli, Y., Sherman, Y. and Ben-Sasson, S. A. (1993) Identification of programmed 
cell death in situ via specific labelling of nuclear DNA fragmentation. J Cell BioL, 
119: 493-501 
van Genderen, C., Okamura, R. M., Farifias, I., Quo, R-G., Parslow, T. G., Bruhn, L. 
and Grosschedl, R. (1994) Development of several organs that require inductive 
epithelial-mesenchymal interactions is impaired in LEF-1-deficient mice. Genes 
Dev., 8: 2691-2703 
George-Weinstein, M., Gerhart, J., Blitz, J., Simak, E. and Knudsen, K. A. (1997) N- 
cadherin promotes the commitment and differentiation of skeletal muscle precursor 
cells. Dev. -Biol., 185: 14-24 
Giancotti, F. G. Stepp, M. A., Suzuki, S., Engvall, E. and Ruoslahti, E. (1992) 
Proteolytic processing of endogenous and recombinant N integrin subunit. J Cell 
BioL, 118: 951-959 
Gibbs, S., Backendorf, C. and Ponec M (1996) Regulation of keratinocyte 
proliferation and differentiation by all-trans-retinoic acid, 9-cis-retinoic acid and 
1,25-dihydroxyvitamin D3. Arch. DermatoL Res., 288: 729-73 8 
Giese, K., Cox, J. and Grosschedl, R. (1992) The HMG domain of lymphoid 
enchancer factor I bends DNA and facilitates assembly of additional nucloprotein 
structures. Cell, 69: 185-195 
Giudice, G. J., Squiquera, H. L., Elias, P. M. and Diaz, L. A. (1991) Identification of two 
collagen domains within the bullous pemphigoid autoantigen, BPI 80. J Clin. 
Invest., 87: 734-738 
Giudice, G. J., Emery, D. J., Zelickson, B. D., Anhalt, G. J., Liu, Z. and Diaz, L. A. 
(1993) Bullous pemphigoid and herpes gestationis autoantibodies recognise a 
common non-collagenous site on the BPI 80 ectodomain. J Immunol., 151: 5742- 
5750 
196 
Glick, A. B., Danielpour, D., Morgan, D., Sporn, M. B. and Yuspa, S. H. (1990) 
Induction and autocrine receptor binding of transforming growth factor-beta 2 
during terminal differentiation of primary mouse keratinocytes. MoL Endocrinol., 
4: 46-52 
Gniadecki, R. (1996) Stimulation versus inhibition of keratinocyte growth by 1,25- 
Dihydroxyvitamin D3: dependence on cell culture conditions. J Invest. Dermatol., 
106: 510-516 
Gniadecki, R., Gajkowska, B. and Hansen, M. (1997) 1,25-dihydroxyvitamin D3 
stimulates the assembly of adherens junctions in keratinocytes: involvement of 
protein kinase C. Endocrinology, 138: 2241-2248 
Goodwin, L., Hill, J. E., Raynor, K., Raszi, L., Manabe, M. and Cowin, P. (1990) 
Desmoglein shows extensive homology to the cadherin family of cell adhesion 
molecules. Biochem. Biophys. Res. Commun., 173: 1224-1230 
Green, H. (1977) Terminal differentiation of cultured human epidermal cells. Cell, 
11: 405-416 
Green, H., Party, D. A., Steinert, P. M., Virata, M. L., Wagner, R. M., Angst, B. D. and 
Nilles, L. A. (1990) Structure of the human desmoplakins. Implications for function 
in the desmosomal plaque. J Biol. Chem., 265: 2603-2612 
Green, KJ, Virata, M. L., Elgart, G. W., Stanley, J. R. and Parry, D. A. (1992a) 
Comparative structural analysis of desmoplakin, bullous pernhigoid antigen and 
plectin: members of a new gene family involved in the organisation of 
intermediate filaments. Int. J BioL MacromoL, 14: 145-153 
Green, KJ, Stappenbeck, T. S., Parry, D. A. and Virata, M. L. (1992b) Structure of 
desmoplakin and its association with internediate filaments., J Dermatol. 19: 765- 
769 
Grgurevich, S., Linnekin, D., Musso, T., Zhang, X., Modi, W., Varesio, L., Ruscetti, 
F. W., Ortaldo, J. R. and Mcvicar, D. W. (1997) The Csk-like proteins Lsk, Hyl, and 
Matk represent the same Csk homologous kinase (Chk) and are regulated by stem 
cell factor in the mega karyoblastic cell line M07e. Growth Factors, 14: 103-115 
Groden, J., Thliveris, A., Sainow 
' 
itz, W., Carlson, M., Gelbert, L., Albertsen, H., 
Joslyn, G., Stevens, J., Spirio, L., Robertson, M., Sargeant, L., Krapcho, K., Wolff, 
E., Burt, R., Hughes, J. P., Warrington, J., McPherson, J., Wasmuth, J., Le Paslier, 
D., Abderrahim, H., Cohen, D., Leppert, M. and White, R. (1991) Identification 
and characterization of the familial adenomatous polyposis coli gene. Cell, 66: 
589-600 
Haeffier, B., Baxter, R., Fincham, V. J., Downes, C. P. and Frame M. C. (1995) 
Cooperation of Src homology domains in the regulated binding of 
phosphaticlylinositol 3-kinase. A role for the Src homology 2 domain. J BW 
Chem., 270: 7937-7943 
197 
Haftek, M., Hansen, M. U., Kaiser, H. W., Kreysel, H. W. and Schmitt, D. (1996) 
Interkeratinocyte adherens junctions: immunocytochemical visualisation of cell- 
cell junctional structures, distinct from desmosomes, in human epidermis. J 
Invest. Dermatol., 106: 498-504 
Harnaguchi, M., Matsuyoshi, N., Ohnishi, Y., Gotoh, B., Takeichi, M. and Nagai, Y. 
(1993) p60V-SrC causes tyrosine phosphorylation and inactivation of the N-cadherin- 
catenin cell adhesion system. EMBO J., 12: 307-314 
Hanukoglu, 1. and Fuchs, E. (1983) The cDNA sequence of a type Il cytoskeletal 
keratin reveals constant and variable structural domains among keratins. Cell, 33: 
915-924 
Hao, Q. L., Heisterkamp, N. and Groffen, J. (1989) Isolation and sequence analysis of 
a novel human tyrosine kinase gene. Mol. Cell Biol. 9: 1587-1593 
Hao, X., Palazzo, J. P., Ilyas, M., Tomlinson, 1. and Talbot, I. C. (1997) Reduced 
expression of molecules of the cadherin/catenin complex in the transition from 
colorectal adenoma to carcinoma. Anticancer Res., 17: 2241-2247 
Harlow, E. and Lane, D. (1988) Antibodies. A laboratory manual. CoIdSpring 
Harbor Laboratory. 
Hatta, K., And Takeichi, M. (1986) Expression of N-cadherin adhesion molecules 
associated with early morphogenetic events in chick development. Nature 
(London), 320: 447-449 
Hatta, K., Nose, A., Nagafuchi, A. and Takeichi, M. (198 8) Cloning and expression of 
cDNA encoding a neural calcium-dependent cell adhesion molecule: its identity in 
the cadherin gene family. J Cell BioL, 106: 873-881 
Hatzfeld, M. and Franke, W. W. (1985) Pair formation and promiscuity of 
cytokeratins: formation in vitro of heterotypic complexes and intermediate-sized 
filaments by homologous and heterologous recombinations of purified 
polypeptides. J Cell BioL, 101: 1826-1841 
Hatzfeld, M. and Weber, K. (1990) The coiled coil of in vitro assembled keratin 
filaments is a heterodimer of type I and type 11 keratins: use of site-specific 
mutagenesis and recombinant protein expression. J Cell Biol., 110: 1199-1210 
Hatzfeld, M. and Nachtstein, C. (1996) Cloning and characterisation of a new 
armadillo family member, p007 1, associated with the junctional plaque: evidence 
for a subfamily of closely related proteins. J Cell Sci. 109: 2767-2778 
Hawley-Nelson, P., Sullivan, JR, Kung, M., Hennings, H. and Yuspa, S. H. (1980) 
Optimized conditions for the growth of human epidermal cells in culture. J Invest. 
Dermatol., 75: 176-182 
198 
Hennings, H., Kruszewski, F. H., Yuspa, S. H. and Tucker, R. W. (1989) Intracellular 
calcium alterations in response to increased external calcium in normal and 
neoplastic keratinocytes. Carcinogenesis, 10: 777-780 
Hermiston, M. L., Wong, M. H. and Gordon, J. L. (1996) Forced expresion of E- 
cadherin in the mouse intestinal epithelium slows cell migration and provides 
evidence for non autonomous regulation of cell fate in a self renewing system. 
Genes Dev., 10: 985-996 
Herrmann, B. G. (199 1) Expression pattern of the brachyury gene in whole-mount 
Tw"frw" mutant embryos. Development, 113: 913-917 
Hertle, M. D., Kubler, M. D., Leigh, I. M. and Watt, F. M. (1992) Aberrant integrin 
expression during epidermal wound healing and in psoriatic epidermis. J Clin. 
Invest., 89: 1892-1901 
Hill, C. S. and Treisman, R. (1995) Transcriptional regulation by extracellular signals: 
mechanisms and specificity. Cell, 80: 199-211 
Hinck, L., Nathke, I. S., Papkoff, J. and Nelson, W. J. (1994) Dynamics of 
cadherin/catenin complex formation: novel protein interactions and pathways of 
complex assembly. J Cell Biol., 125: 1327-1340 
Hirano, S., Nose, A., Hatta, K., Kawakami, A. and Takeichi, M. (1987) Calcium- 
dependent cell-cell adhesion molecules (cadherins): subclass specificities and 
possible involvement of actin bundles. J Cell BioL, 105: 2501-25 10 
Hodivala, K. J. and Watt, F. M. (1994) Evidence that cadherins play a role in the 
downregulation of integrin expression that occurs during keratinocyte terminal 
differentiation. J Cell Biol., 124: 589-600 
Hogervorst, F., Kuikman, I., Bome, A. and Sonnenberg, A. (1990) Cloning and 
sequence analysis Of P4 cDNA: an integrin subunit that contains a unique 11 8kD 
cytoplasmic domain. EMBO J, 9: 765-770 
Holbrook, K. A. (1989) Perspectives on morphologic approaches to the study of the 
granular layer keratinocyte. J Inv. DermatoL, 92: 82s- I 04s 
Holton, J. L., Kenny, T. P., Legan, P. K., Collins, J. E., Keen, J. N., Sharma, R. and 
Garrod, D. R. (1990) Desmosomal glycoproteins 2 and 3 (desmocollins) show N- 
terminal similarity to calcium-dependent cell-cell adhesion molecules. J Cell Sa, 
97: 239-246 
Hopkinson, S. B. (1995) Molecular genetic studies of a human epidermal antigen (the 
180-kDbullouspemphigoidantigen/BP180): identification of functionally 
important sequences within the BP 18 0 molecule and eidence for an interaction 
between BPI 80 and CC6 integrin. J Cell BioL, 130: 117-125 
199 
Horwitz, A., Duggan, K., Buck, C., Beckerle, M. C. and Burridge, K. (1986) 
Interactions of plasma membrane fibronectin receptor with talin -a transmembrane 
linkage. Nature (London), 320: 531-533 
Hotchin, N. A., Gandarillas, A. and Watt, F. M. (1995) Regulation of cell surface PI 
integrin levels during keratinocyte terminal differentiation. J Cell Biol. 128: 1209- 
1219 
Hotchin, N. A., Kovach, N. L. and Watt, F. M. (1993) Functional down-regulation of 
CC5 PI integrin in keratinocytes is reversible but commitment to terminal 
differentiation is not. J Cell Sci., 160: 1131-113 8 
Howell, B. W. and Cooper, J. A. (1994) Csk suppression of Src involves movement of 
Csk to sites of Src activity. MoL Cell BioL, 14: 5402-5411 
Huber, 0., Kom, R., McLaughlin, J., Ohsugi, M., Herrmann, B. G. and Kemler, R. 
(1996) Nuclear localisation of P-catenin by interaction with transcription factor 
LEF-I. Mech. Dev., 59: 3-10 
Hudson, D. L., Sleeman, J. and Watt, F. M. (1995) CD44 is the major peanut-lectin 
binding glycoprotein of human epidermal keratinocytes and plays a role in 
intercellular adhesion. J Cell Sci., 108: 1959-1970 
HUlsken, J., Birchmeier, W. and Behrens, J. (1994) E-cadherin and APC compete for 
the interaction with P-catenin and the cytoskeleton. J Cell Biol., 127: 2061-2069 
Hyafil, F., Morello, D., Babinet, C. and Jacob, F. (1980) A cell surface glycoprotein 
involved in the compaction of embryonal carcinoma cells and cleavage stage 
embryos. Cell, 21: 927-834 
Hyatt, S. L., Liao, L., Chapline, C. and Jaken, S- (1994) Identification and 
characterisation of alpha-protein kinase C binding proteins in normal and 
transformed REF52 cells. Biochemistry, 33: 1223-1228 
Iggo, A. (1985) Sensory receptors in the skin and their sensory function. Rev. Neurol, 
141: 599-613 
Ilic, D., Furuta, Y., Kanazawa, S., Takeda, N., Sobue, K., NakatsuJi, N., Nomura, S., 
Fujimoto, J., Okada, A and Yamamoto, T. (1995) Reduced cell motility and 
enhanced focal adhesion contact formation in cells from FAK-deficient mice. 
Nature (London), 377: 539-544 
Ilic, D., Kanazawa, S., Nishizumi, H., Aizawa, S., Kuroki, T., Mori, S. and 
Yamamoto, T. (1997) Skin abnormality in agedfyn-l-fak+l- mice. Carcinogenesis, 
18: 1473-1476 
200 
Imamoto, A. and Soriano, P. (1993) Disruption of the csk gene, encoding a negative 
regulator of Src family tyrosine kinases, leads to neural tube defects and embryonic 
lethality in mice. Cell, 73: 1117-1124 
Islam, S., Carey, T. E., Wolf, G. T., Wheelock, M. J., Johnson, K. R. (1996) Expression 
of N-cadherin by human squamous carcinoma cells induces a scattered fibroblastic 
phenotype with disrupted cell-cell adhesion. J Cell BioL, 135: 1643-1654 
Itin, P. H., Pittelkow, M. R. and Kumar, R. (1994) Effects of vitamin D3 metabolites on 
proliferation and differentiation of cultured human epidermal keratinocytes grown 
in serum-free defined culture medium. Endocrinology, 135: 1793-1798 
Jetten, A. M., Jetten, M. E. R. and Sherman, J. I. (1979) Stimulation of differentiation of 
several murine embryonal carcinoma cell lines by retinoic acid. Exp. Cell Res., 
124: 381-391 
Jockusch, B. M. and Isenberg, G. (19 8 1) Interaction of (x-actinin and vinculin with 
actin: opposite effects on filament network formation. Proc. NatL Acad SU 
(USA), 78: 3006-3009 
Jones, P., Price, G. J., Patel, B., Ohanion, V., Lear, A. L. and Critchley, D. R. (1989) 
Identification of a talin binding site in the cytoskeletal protein vinculin. J Cell 
BioL, 109: 2917-2927 
Jones, J. C. and Green, K. J. (199 1) Intermediate filament-plasma membrane 
interactions. Curr. Opin. Cell BioL, 3: 127-132 
Jones, J. C., Asmuth, J., Baker, S. E., Langhofer, M., Roth, S. I. and Hopkinson, S. B. 
(1994) Hemidesmosomes: extracellular matrix/intermediate filament connectors. 
Exp. Cell Res., 213: 1 -11 
Jones, P. H., Harper, S. and Watt, F. M. (1995) Stem cell patterning and fate in the 
human epidermis. Cell, 80: 83-93 
Jou, T. S., Stewart, D. B., Stappert, J., Nelson, W. J. and Marrs, J. A. (1995) Genetic and 
biochemical dissection of protein linkages in the cadherin-catenin complex. Proc. 
NatI. Acad Sci. (USA), 92: 5067-5071 
Juliano, R. L. and Haskill, S. (1993) Signal transduction from the extracellular matrix. 
J Cell Biol., 120: 577-85 
Kamps, M. P., Buss, J. E. and Sefton, B. M. (1985) Mutation of NH2-terminal glycine 
of p60s' prevents both myristoylation and morphological transformation. Proc. 
NaIL Acad AcL (USA), 82: 4625-4628 
Kamps, M. P., Buss, J. E. and Sefton, B. M. (1986) Rous sarcoma virus transforming 
protein lacking myristic acid phosphorylates known polypeptide substrates without 
inducing transformation. Cell, 45: 105-112 
201 
Kanner, S. B., Reynolds, A. B. and Parsons, J. T. (199 1) Tyrosine phosphorylation of a 
120-kilodalton pp60" substrate upon epidermal growth factor and platelet-derived 
growth factor receptor stimulation and in polyornavirus middle-T-antigen- 
transformed cells. MoL Cell. BioL, 11: 713-720 
Kaplan, J. M., Mardon, G., Bishop, J. M. and Varmus, J. E. (1988) The first seven 
amino acids encoded by the v-src onocogene act as a myristylation signal: lysine 7 
is a critical determinant. MoL Cell. BioL, 8: 2345-2441 
Karasek, M. A. and Charlton, M. E. (197 1) Growth of postembryonic skin epithalial 
cells on collagen gels. J Inv. Dermatol., 56: 205-210 
Kartasova, T. and van de Putte, P. (19 8 8) Isolation and characterisation and UV- 
stimulated expression of two families of genes encoding polypeptides of related 
structure in human epidermal keratinocytes. MoL Cell Biol., 8: 2195-2203 
Kawakami, T., Pennington, C. Y. and Robbins, K. C. (1986) Isolation and oncogenic 
potential of a novel human src-like gene. Mol. Cell BioL, 6: 4195-4201 
Kazanietz, M. G., Areces, L. B., Bahador, A., Mischak, H., Goodnight, J., Mushinski, 
J. F. and Blumberg, P. M. (1993) Characterisation of ligand and substrate specificity 
for the calcium-dependent and calcium-independent protein kinase-C isozymes. 
Mol. Pharmacol., 44: 298-307 
Kefalides, N. A. (1975) Basement membrane: current concepts of structure and 
synthesis. Dermatologica, 150: 4-15 
Keirsebilck, A. and van Roy, F. (1997) Structure of human p1 20ctn. Manuscript in 
preparation. 
Kieffer, J. D., Plopper, G., Ingber, D. E., Hartwig, J. H. and Kupper, T. S. (1995) Direct 
binding of F-actin to the cytoplasmic domain of the (X2 integrin chain in vitro. 
Biochem. Biophys. Res. Commun., 217: 466-474 
Kiley, S., Schaap, D., Parker, P., Hsieh, L. L. and Jaken, S. (1990) Protein kinase C 
heterogeneity in GH4C I pituitary cells. Characterisation of a Ca2+-independent 
phorbol ester receptor. J BioL Chem., 265: 15704-15712 
Kim, L. and Wong, T. W. (1995) The cytoplasmic tyrosine kinase FER is associated 
with the catenin-like substrate pp 120 and is activated by growth factors. MoL Cell 
Biol., 15: 4553-4561 
Kinch, M. S., Clark, G. J., Der, C. J. and Burridge, K. (1995) Tyrosine phosphorylation 
regulates the adhesions of ras-transfonned breast epithelia., J Cell BW 130: 46 1- 
471 
202 
King, I. A., Tabiowo, A. and Fryer, P. R. (1987) Evidence that major 78-44-kD 
concanavalin A-binding glycopolypeptides in pig epidermis arises from the 
degradation of desmosomal glycoproteins; during terminal differentiation. J Cell 
BioL, 105: 3053-3063 
King, I. A., Sullivan, K. H., Bennett Jr., R. and Buxton, R. S. (1995) The desmocollins 
of human foreskin epidermis: identification and chromosomal assignment of a third 
gene and expression patterns of the three isoforms. J Inv. DermatoL, 105: 314-321 
Kitaj ima, Y., Owaribe, K., Nishizawa, Y. and Yaoita, H. (1992) Control of the 
distribution of hemidesmosome components in cultured keratinocytes: Ca2+ and 
phorbol esters. J Dermatol. 19: 770-773 
Knudsen, K. A., Soler, A. P., Johnson, K. R. and Wheelock, M. J. (1995) Interaction of 
cc-actinin with the cadherin/catenin cell-cell adhesion complex via alpha-catenin. 
J Cell BioL, 130: 67-77 
Koch, P. J., Mahoney, M. G., Ishikawa, H., Pulkkinen, L., Uitto, J., Shultz, L., Murphy, 
G. F., Whitaker-Menezes, D. and Stanley, J. R. (1997) Targetted disruption of the 
pemphigus vulgaris antigen (desmoglein 3) gene in mice causes loss of 
keratinocyte cell adhesion with a phenotype similar to pemphigus vulgaris. J Cell 
Biol., 137: 1091-1102 
Koegel, M., Zlatkine, P., Ley, S. C., Courtneidge, S. A. and Magee, A. I. (1994) 
Palmitoylation of multiple Src-family kinases at a homologous N-terminal motif. 
Biochem. J, 303: 749-753 
Koide, H., Satoh, T., Nakafuku, M. and Kaziro, Y. (1993) GTP-dependent association 
of Raf- I with Ha-Ras: identification of Raf as a downstream target of Ras in 
mammalian cells. Proc. NatI. Acad. Sci. (USA), 90: 8683-8686 
Korinek, V., Barker, N., Morin, P. J., van Wichen, D., de Weger, R., Kinzler, K. W., 
Vogelstein, B. and Clevers, H. (1997) Constitutive activation by a beta-catenin-Tcf 
complex in APC -/- colon carcinoma. Science, 275: 1784-1747 
Komberg, L. J., Earp, H. S., Turner, C. E., Prockop, C. and Juliano, R. L. (199 1) Signal 
transduction by integrins: Increased protein tyrosine phosphorylation caused by 
clustering of PI-integrins. Proc. Natl. Acad. Sci. (USA), 88: 8392-8396 
Koller, E. and Ranscht, B. (1996) Differential targeting of T- and N-cadherin in 
polarised epithalial cells. J BW Chem., 271: 30061-30067 
Kopan, R., Traska, G. and Fuchs, E. (1987) Retinoids as important regulators of 
terminal differentiation: examining keratin expression in individual epidermal cells 
at various stages of keratinization. J Cell Biol., 105: 427440 
203 
Kouklis, P. D., Hutton, E. and Fuchs, E. (1994) Making a connection: direct binding 
between keratin intermediate filaments and desmosomal proteins. J Cell BioL, 
116: 1197-1209 
Kramer, R. H. and Marks, N. (1989) Identification of integrin collagen receptors on 
human melanoma cells. J BW Chem., 264: 4684-4688 
Kratochwil, K., Dull, M., Farinas, I., Galceran, J. and Grosschedl, R. (1996) Lefl 
expression is activated by BMP4 and regulates inductive tissue interactions in tooth 
and hair development. Genes Dev., 10: 13 82-13 94 
Krueger, J., Zhao, Y-H., Murphy, D. and Sudol, M. (199 1) Differential expression of 
p62'-Y"' in normal, hyperplastic and neoplastic human epidermis. Oncogene, 6: 
933-940 
Kubler, M. D., Jordan, P. W., O'Neill, C. H. and Watt, F. M. (199 1) Changes in the 
abundance and distribution of actin and associated proteins during terminal 
differentiation of human epidermal keratinocytes. J Cell Sci., 100: 153-165 
Kuroki, T., Kohno, Y., Tachikawa, T., Ukai, M. and Ohba, M. (1997) Targetting 
expression of the eta isoform of protein kinase C to squamous epithelia causes 
striking alterations in squamous differentiation in transgenic mice. Meeting 
abstract (Temporal and Spatial Determinants of Specificity in Signal Transduction, 
Keystone, Colorado, March 31 -April 6,1997) pp6l 
Kypta, R. M., Goldberg, Y., Ulug, E. T. and Courtneidge, S. A. (1990) Association 
between the PDGF receptor and members of the src family of tyrosine kinases. 
Cell, 62: 481-492 
Kypta, R. M., Su, H. and Reichardt, L. F. (1996) Association between a transmembrane 
protein tyrosine phosphatase and the cadherin-catenin complex. J Cell Biol., 134: 
1519-1529 
Lampe, M. A., Williams, M. L. and Elias, P. M. (1983) Human epidermal lipids: 
characterisation and modulations during differentiation. J Lipid Res., 24: 131-140 
Lampugnani, M. G., Corada, M., Andriopoulou, Esser, S., Risau, W. and Dejana, E. 
(1997) Cell confluence regulates tyrosine phosphorylation of adherens junction 
components in endothelial cells. J Cell Sci., 110: 2065-2077 
Lange-Carter, C. A, Pleiman, C. M., Gardner, A. M., Blumer, K. J. and Johnson, G. L. 
(1993) A divergence in the MAP kinase regulatory network defined by MEK 
kinase and Raf. Science, 260: 315-319 
Larue, L., Ohsugi, M., Hirchenhain, J. and Kemler, R. (1994) E-cadherin null mutant 
embryos fail to form a trophectoderm epithelium. Proc. NatI. Acad ScL (USA), 91: 
8263-8267 
204 
Larue, L., Antos, C., Butz, S., Huber, 0., Delmas, V., Dominis, M. and Kemler, R. 
(1996) A role for cadherins in tissue fonnation. Dev. Suppl., 122: 3185-3194 
Leevers, SI, Paterson, H. F., Marshall, C. J. (1994) Requirement for Ras in Raf 
activation is overcome by targetting Raf to the plasma membrane. Nature 
(London), 369: 411-414 
Leigh, I. M, Navasaria, H., and Purkis, P. E, McKay, I. A., Bowden, P. E. and Riddle, 
P. N. (1995) Keratins (K16 and K17) as markers of keratinocyte hyperproliferation 
in psoriasis in vivo and in vitro. Br. J Dermatol., 133: 5 01-511 
Levinson, A. D., Oppermann, H., Levintow, L., Varmus, H. E. and Bishop, J. M. (1978) 
Evidence that the transforming gene of avian sarcoma virus encodes a protein 
kinase associated with a phosphoprotein. Cell, 15: 561-572 
Lewis, J. E., Jensen, P. J., Johnson, K. R. and Wheelock, M. J. (1994a) E-cadherin 
mediates adherens junction organisation through protein kinase C. J Cell Sci., 
107: 3615-3621 
Lewis, J. E., Jensen, P. J. and Wheelock, M. J. (I 994b) Cadherin function is required for 
human keratinocytes to assemble desmosomes and stratify in response to calcium. 
J. Invest. Dermatol., 102: 870-877 
Lewis, J. M., Cheresh, D. A. and Schwartz, M. A. (1996) Protein kinase C regulates 
avp5-dependent cytoskeletal associations and focal adhesion kinase 
phosphorylation. 134: 1323-1332 
Li, L., Tucker, R. W., Hennings, H. and Yuspa, S. H. (1995) Chelation of intracellular 
Ca' inhibits murine keratinocyte differentiation in vitro. J Cell Physiol., 163: 
105-114 
Linder, M. E. and Burr, J. G. (198 8) Nonmyristoylated p60'-" fails to phosphorylate 
proteins of 115-120kDa in chicken embryo fibroblasts. Proc. NatI. Acad. Sci. 
(USA), 85: 2608-2612 
Liu, X., Marengere, L. E., Koch, C. A. and Pawson, T. (1993) The v-Src SH3 domain 
binds phosphatidylinositol Y-kinase. MoL Cell BioL, 13: 5225-5232 
Liu, Z., Giudice, G. J., Swartz, S. J., Fairley, J. A., Till, G. O., Troy, J. L. and Diaz, L. A. 
(1995) The role of complement in experimental bullous pemphigoid. J Clin. 
Invest., 95: 1539-1544 
Lonsdale-Eccles, J. D., Resing, K. A., Meek, R. L. and Dale, B. A. (1984) High- 
molecular-weight precursor of epidermal filaggrin and hypothesis for its tandem 
repeating structure. Biochemistry, 23: 1239-1245 
Love, J. J., Li, X., Case, D. A., Giese, K., Grosschedl, R. and Wright, P. E. (1995) 
Structural basis for DNA bending by the architectural transcription factor LEF-I. 
Nature (London), 376: 791-795 
20ý 
Lynley, A. M. and Dale, B. A. (1983) The characterisation of human epidermal 
filaggrin. A histidine-rich keratin filament-aggregating protein. Biochim. Biophys 
Acta., 744: 28-35 
Ma, A. S. P. amd Sun, T. T. (1986) Differentiation-dependent changes in the solubility 
of a 19RD protein in human epidermal keratinocytes. J Cell BioL, 103: 41-48 
Madison, K. C., Swartzendruber, D. C., Wertz, P. W. and Downing, D. T. (1988) 
Lamellar granule extrustion and stratum corneurn intercellular lamellae in murine 
keratinocyte cultures. J Invest. Dermatol., 90: 110-116 
Mainiero, F., Murgia, C., Wary, K. K., Curatola, A. M., Pepe, A., Blumenberg, M., 
Westwick, J. K., Der, C. J. and Giancotti, F. G. (1997) The coupling Of OCA integrin 
to Ras-MAP kinase pathways mediated by Shc controls keratinocyte proliferation. 
EMBOJ, 16: 2365-2375 
Marais, R., Light, Y., Paterson, H. F. and Marshall, C. J. (1995) Ras recruits Raf- I to 
the plasma membrane for activation by tyrosine phosphorylation. EMBO J, 14: 
3136-3145 
Markey, A. C., Lane, E. B., Churchill, L. J. MacDonald, D. M. and Leigh, I. M (199 1) 
The expression of simple epithelial keratins 8 and 18 in epidermal neoplasia. J 
Inv. Dermatol., 97: 763-770 
Marshall, C. J. (1995) Specificity of receptor tyrosine kinase signalling: transient 
versus sustained extracellular signal-regulated kinase activation. Cell, 80: 179-185 
Matoltsy, A. G. (1986) Structure and function of the mammalian epidermis. In 
Biology of the Integument. 2. Vertebrates., ed. J. Bereiter-Hahn, A. G. Matoltsy, 
and K. S. Richards. pp255-271 New York: Springer-Verlag 
Matsuda, M., Mayer, B. J., Fukui, Y. and Hanafusa, H. (1990) Binding of transfonning 
protein, P479ag"k, to a broad range of phosphotyrosine-containing proteins. 
Science, 248: 1537-1539 
Matsumoto, K., Hashimoto, K., Hashiro, M., Yoshimasa, H. and Yoshikawa, K. 
(1990) Modulation of growth and differentiation in normal human keratinocytes by 
transforming growth factor-P. J Cell PhysioL, 145: 95- 101 
Matsuyoshi, N., Hamaguchi, M., Taniguchi, S., Nagafuchi, A., Tsukita, S. and 
Takeichi, M. (1992) Cadherin-mediated cell-cell adhesion is perturbed by v-src 
tyrosine phosphorylation in metastatic fibroblasts. J Cell BioL, 118: 703-714 
MacAuley, A. and Cooper, J. A. (1989) Structural differences between repressed and 
derepressed forms of p60' ". MoL Cell Biol., 9: 2648-2656 
McCrea, P. D., Brieher, W. M. and Gumbiner, B -M. (1993) Induction of a second body 
axis in Xenopus by antibodies to O-catenin. J Cell Biol., 123: 477-484 
206 
McGlade, J. Cheng, A., Pelicci, G., Pelicci, P. G. and Pawson, T. (1992) Shc proteins 
are phosphorylated and regulated by the v-Src and v-Fps tyrosine kinases. Proc. 
Natl. Acad. ScL (USA), 89: 8869-8873 
McGregor, A., Blanchard, A. D., Rowe, A. J. and Critchley, D. R. (1994) Identification 
of the vinculin binding site in the cytoskeletal protein oc-actinin. Biochem. J, 301: 
225-233 
Mechanic, S., Raynor, K., Hill, J. E. and Cowin, P. (199 1) Desmocollins form a 
distinct subset of the cadherin family of cell adheison molecules. Proc. NatI. Acad 
Sci. (USA), 88: 4476-4470 
Mehrel, T., Hohl, D., and Rothnagel, J. A., Longley, M. A., Bundman, D., Cheng, C., 
Lichti, U., Bisher, M. E., Steven, A. C., Steinert, P. M., Yuspa, S. H. and Roop, D. R. 
(1990) Identification of a major keratinocyte cell envelope protein, loricrin. Cell, 
61: 1103-1112 
Menon, G. K., Grayson, S., and Elias, P. M. (1985) Ionic calcium reservoirs in 
mammalian epidermis: ultrastructural localisation by ion-capture cytochemistry. 
Invest. DermatoL, 84: 508-512 
Michalak, M., Milner, R. E., Bums, K. and Opas, M. (1992) Calreticulin. Biochem. J, 
285: 681-692 
Michel, S., Bemerd, F., Jetten, A. M., Floyd, E. E., Shroot, B. and Reichert, U. (1992) 
Expression of keratinocyte transglutarnine mRNA revealed by in situ hybridisation. 
J Invest. DermatoL, 98: 364-368 
Mitra, R. S., Wrone-Smith, T., Simonian, P., Foreman, K. E., Nunez, G. and Nickoloff, 
B. J. (1997) Apoptosis in keratinocytes is not dependent on induction of 
differentiation. Lab. Invest., 76: 99-107 
Miyaki, M., Tanaka, K., Kikuchi-Yanoshita, R., Muraoka, M., Konishi, M. and 
Takeichi, A (1995) Increased cell-substratum adhesion, and decreased gelatinase 
secretion and cell growth, induced by E-cadherin transfection of human colon 
carcinoma cells. Oncogene, 11: 2547-2552 
Mo, Y. Y. and Reynolds, A. B. (1996) Identification of murine p 120 isoforms and 
heterogenous expression of pI 20CAS isoforms in human tumor cell lines. Cancer 
Res., 56: 2633-2640 
Moarefi, I., LaFevre-Bernt, M., Sicheri, F., Huse, M., Lee, C. H., Kuriyan, J. and 
Miller, W. T. (1997) Activation of the Src-family tyrosine kinase Hck by SH3 
domain displacement. Nature (London), 385: 650-653 
207 
Molenaar, M., van de Wetering, M., Oosterwegel, M., Peterson-Maduro, J., Godsave, 
S., Korinek, V., Roose, J., Destree, 0. and Clevers, H. (1996) XTcf-3 transcription 
factor mediates P-catenin-induced axis formation in Xenopus embryos. Cell, 86: 
391-399 
Moles, J. P. and Watt, F. M. (1997) The epidermal stem cell compartment: variation in 
expression levels of E-cadherin and catenins within the basal layer of human 
epidermis. J Histochem. Cytochem., 45: 867-874 
Moll, R., Franke, W. W., Schiller, D. L., Geiger, B. and Krepler, R. (1982) The catalog 
of human cytokeratins: patterns of expression in normal epithelia, tumours and 
cultured cells. Cell, 31: 11-24 
Monzon, R. I., LaPres, J. J. and Hudson, L. G. (1996) Regulation of involucrin gene 
expression by retinoic acid and glucocorticoids. Cell Growth Differ., 7: 1751-1759 
Mori, S., Ronnstrand, L., Yokote, K., Engstrom, A., Courtneidge, S. A., Claesson- 
Welsh, L. and Heldin, C. H. (1993) Identification of two i uxtamembrane 
autophosphorylation sites in the PDGFP-receptor; involvement in the interaction 
with Src family tyrosine kinases. EMBO J, 12: 2257-2264 
Morin, P. J., Sparks, A. B., Korinek, V., Barker, N., Clevers, H., Vogelstein, B. and 
Kinzler, K. W. (1997) Activation of P-catenin-Tcf signalling in colon cancer by 
mutations in P-catenin or APC. Science, 275: 1787-1790 
Morioka, S., Lazarus, G. S. and Jensen, P. J. (1987) Involvement of the urokinase-type 
plasminogen activator in acantholysis induced by pemphigus IgG. J Invest. 
Dermatol., 89: 474-477 
Munemitsu., S., Albert, I., Souza, B., Rubinfeld, B., Polakis, P. (1995) Regulation of 
intracellular P-catenin levels by the adenomatous polyposis coli (APQ tumour- 
suppressor protein. Proc. NaM .4 cad Sci. (USA), 92: 3 046-3 05 0 
Nada, S., Okada, M., MacAuley, A., Cooper, J. A. and Nakagawa, H. (1991) Cloning 
of a complementary DNA for a protein-tyrosine kinase that specifically 
phosphorylates a negative regulatory site of p60c-s'. Nature (London), 351: 69-72 
Nada, S., Yagi, T., Takeda, H., Tokunaga, T., Nakagawa, H., Ikawa, Y., Okada, M. 
and Aizawa, S. (1993) Constitutive activation of Src family kinases in mouse 
embryos that lack Csk. Cell, 73: 1125-1135 
Nagafuchi, A. and Takeichi, M. (1989) Transmembrane control of cadherin-mediated 
cell adhesion: a 94kDa protein functionally associated with a specific region of the 
cytoplasmic domain of E-cadherin. Cell ReguL, 1: 37-44 
Nagafuchi, A., Takeichi, M. and Tsukita, S. (1991) The 102kD cadherin-associated 
protein: similarity to vinculin and posttranscriptional regulation of expression. 
Cell, 65: 849-857 
208 
Nagar, B., Overduin, M., Ikura, M. and Rini, J. M. (1996) Structural basis of calcium- 
induced E-cadherin rigidification and dimerization. Nature (London), 380: 360- 
364 
Nakanishi, Y., Ochiai, A., Akimoto, S., Kato, H., Watanabe, H., Tachimori, Y., 
Yamamoto, S. and Hirohashi, S. (1997) Expression of E-cadherin, cc-catenin, 
catenin and plakoglobin in esophageal carcinomas and its prognostic significance: 
immunohistologic analysis of 96 lesions. OncoloSD,, 54: 158-165 
Nathke, I. S., Hinck, L., Swedlow, J. R., Papkoff, J., Nelson, W. J. (1994) Defining 
interactions and distributions of cadherin and catenin complexes in polarized 
epithelial cells. J Cell Biol., 125: 1341-1352 
Nedeld, K. L., White, R. L. (1997) Nuclear and cytoplasmic localizations of the 
adenomatous polyposis coli protein. Proc. Nad. Acad Sci. (USA), 94: 3 034-3 03 9 
Nicholson, L. J. and Watt, F. M. (1991) Decreased expression of fibronectin and the 
cc5 PI integrin during terminal differentiation of human keratinocytes. J Cell Sci., 
98: 225-232 
Nishizuka, Y. (1984) Turnover of inositol phospholipids and signal transduction. 
Science, 225: 1365-1370 
Nose, A., Nagafuchi, A. and Takeichi, M. (19 8 8) Expressed recombinant cadherins 
mediate cell sorting in model systems. CeI1,54: 993-1001 
Ogawa, H. and Goldsmith, L. A. (1976) Human epidermal transglutaminase. 
Preparation and properties. J Biol. Chem., 251: 7281-7288 
Obama, H. amd Ozawa, A (1997) Identification of the domain of oc-catenin involved 
in its association with P-catenin and plakoglobin (y-catenin) J BW Chem., 272: 
11017-11020 
Okada, M., Nada, S., Yamanishi, Y., Yamamoto, T. and Nakagawa, H. (199 1) CSK: a 
protein-tyrosine kinase involved in regulation of Src family kinases. J. Biol. 
Chem., 266: 24249-24252 
Okazaki, M., Takeshita, S., Kawai, S., Kikuno, R., Tsujimura, A., Kudo, A. and 
Amann, E. (1994) Molecular cloning and characterisation of OB-cadherin, a new 
member of cadherin family expressed in osteoblasts. J BW Chem., 269: 12092- 
12098 
O'Keefe, E. J., Briggaman, R. A. and Herman, B. (1987) Calcium-induced assembly of 
adherens junctions in keratinocytes. J Cell Biol., 105: 807-817 
Ookusa, Y., Takata, K., Nagashima, M. and Hirano, H. (1983) Distribution of 
glycoconjugates in normal human skin using biotinyl lectins and avidin-horseradish 
peroxidase. Histochemist7y, 79: 1-7 
209 
Osada, S., Hashimoto, Y., Nomura, S., Kohno, Y., Chida, K., Tajima, 0., Kubo, K., 
Akimoto, K., Koizumi, H., Kitamura, Y., Suzuki, K., Ohno, S. and Kuroki, T. 
(1993) Predominant expression of nPK01, a Caý+-independent isoform of protein 
kinase C in epithelial tissues, in association with epithelial differentiation. Cell 
Growth Differ., 4: 167-175 
Osusky, M., Taylor, S. J. and Shalloway, D. (1995) Autophosphorylation of purified c- 
Src at its primary negative regulation site. J BW Chem., 270: 25729-25732 
Otey, C. A., Pavalko, F. M. and Burridge, K. (1990) An interaction between a-actinin 
and the PI integrin subunit in vitro. J Cell Biol, 111: 721-729 
Overduin, M., Harvey, T. S., Bagby, S., Tong, K. I., Yau, P., Takeichi, M., Ikura, M. 
(1995) Solution structure of the epithelial cadherin domain responsible for selective 
adhesion. Science, 267: 386-389 
Ozawa, M., Baribault, H. and Kemler, R. (1989) The cytoplasmic domain of the cell 
adhesion molecule uvomorulin associates with three independent proteins 
structurally related in different species. EMBO J, 8: 1711: 1717 
Ozawa, M. and Kernler, R. (1990) Correct proteolytic cleavage is required for the cell 
adhesive effect of uvomorulin. J Cell Biol., 111: 1645-165 0 
Ozawa, M., Hoschutzky, H., Herrenknecht, K. and Kemler, R. (1990) A possible new 
adhesive site in the cell-adhesion molecule uvornorulin. Mech. Dev., 33: 49-56 
Ozawa, M. and Kemler, R. (1992) Molecular organisation of the uvornorulin-catenin 
complex. J Cell BioL, 116: 989-996 
Papkoff, J., Rubinfeld, B., Schryver, B. and Polakis, P (1996) Wnt- I regulates free 
pools of catenins and stabilizes APC-catenin complexes. MoL Cell BW, 16: 2128- 
2134 
Papkoff, J. (1997) Regulation of complexed and free catenin pools by distinct 
mechanisms. Differential effects of Wnt-I and v-Src. J BW Chem., 272: 4536- 
4543 
Pardee, A. B. (1974) A restriction point for control of normal animal cell proliferation. 
Proc. NatLAcad. Sci. (USA), 71: 1286-1290 
Parkinson, E. K. and Emmerson, A. (1982) The effects of tumour promoters on the 
multiplication and morphology of cultured human epidermal keratinocytes. 
Carcinogenesis, 3: 525-531 
Pasquale, E. B., Maher, P. A. and Singer, S. J. (1986) Talin is phosphorylated on 
tyrosine in chicken embryo fibroblasts transformed by Rous sarcoma virus. Proc. 
Naff Acad ScL (USA), 83: 5507-5511 
210 
Peifer, M., McCrea, P. D., Green, K. J., Wieschaus, E. and Gumbiner, B. M. (1992) The 
vertebrate adhesive junction proteins beta-catenin and plakoglobin and the 
Drosophila segment polarity gene armadillo form a multigene family with similar 
properties. J Cell Biol., 118: 681-691 
Peifer, M., Sweeton, D., Casey, M. and Wieschaus, E. (1994) wingless signal and 
Zeste-white 3 kinase trigger opposing changes in the intracellular distribution of 
Arrnadillo. Development, 120: 369-380 
Pelicci, G., Lanfrancone, L., Grignani, F., McGlade, J., Cavallo, F., Forni, G., 
Nicoletti, I., Grignani, F., Pawson, T. and Pelicci, P. G. A novel transforming 
protein (SHC) with an SH2 domain is implicated in mitogenic signal transduction. 
Cell, 70: 93-104 
Pellegrini, G., De Luca, M., Orecchia, G., Balzac, F., Cremona, 0., Savoia, P. 
Cancedda, R. and Marchisio, P. C. (1992) Expression, topography, and function of 
integrin receptors are severely altered in keratinocytes from involved and 
uninvolved psoriatic skin. J Clin. Invest., 89: 1783-1795 
Peltonen, J., Laýava, H., Jaakkola, S., Gralnick, H., Akiyama, S. K., Yamada, S. S., 
Yamada, K. M. and Uitto, J. (198 9) Localisation of integrin receptors for 
fibronectin, collagen, and larninin in human skin. Variable expression in basal and 
squarnous cell carcinomas. J Clin. Invest., 84: 1916-1923 
Pena, S. V., Melhem, MR, Meisler, A. I. and Cartwright, C. A. (1995) Elevated c-yes 
tyrosine kinase activity in premalignant lesions of the colon. Gastroenteroio'v, 
108: 117-124 
Peng, Z. Y. and Cartwright, C. A. (1995) Regulation of the Src tYrosine kinase and Syp 
tyrosine phosphatase by their cellular association. Oncogene, 11: 1955-1962 
Peyrieras, N., Hyafil, F., Louvard, D., Ploegh, H. L. and Jacob, F. (1983) Uvomorulin: 
a nonintegral membrane protein of early mouse embryo. Proc. NatI. Acad Sch 
(USA), 80: 6274-6277 
Phillips, S. B., Kubilus, J., Grassi, A. M., Goldaber, M. L. and Baden H. P. (1990) The 
pancomulins: a group of basic low molecular weight proteins in mammalian 
epidermis and epithelium that may function as cornified envelope precursors. 
Comp. Biochem. andPhysloL, 956: 781-788 
Pierschbacher, M. D. and Ruoslahti, E. (1984) Cell attachment activity of fibronectin 
can be duplicated by small synthetic fragments of the molecule. Nature (London), 
309: 30-33 
Pillai, S., Bikle, D. D., Hincenbergs, M. and Elias, P. M. (1988a) Biochemical and 
morphological characterization of growth and differentiation of normal human 
neonatal keratinocytes in a serum-free medium. J Cell PhysioL, 134: 229-237 
211 
Pillai, S., Bikle, D. D. and Elias, P. M. (1988b) 1,25-dihydroxyvitamin D production 
and receptor binding in human keratinocytes vary with differentiation. J BioL 
Chem., 263: 5390-5395 
Pillai, S., Bikle, D. D., Mancianti, M-L, Cline, P. and Hincenbergs, M. (1990) Calcium 
regulation of growth and differentiation of normal human keratinocytes: 
modulation of differentiation competence by stages of growth and extracellular 
calcium. J Cell Physiol., 143: 294-3 02 
Pokutta, S., Herrenknecht, K., Kemler, R., Engel, J. (1994) Conformational changes 
of the recombinant extracellular domain of E-cadherin upon calcium binding. Eur. 
J Biochem., 223: 1019-1026 
Polakowska, R. R., Piacentini, M., Bartlett, R., Goldsmith, L. A. and Haake, A. R. 
(1994) Apoptosis in human skin development: morphogenesis, periderm and stem 
cells. Dev. Dyn-, 199: 176-188 
Potts, R. O. and Francour, M. L. (199 1) The influence of stratum comeum. morphology 
on water permeability. J Inv. Dermatol., 96: 495 -499 
Poumay, Y. and Pittelkow, M. R. (1995) Cell density and culture factors regulate 
keratinocyte commitment to differentiation and expression of suprabasal KI /K 10 
keratins. J Invest. Dermatol., 104: 271-276 
Puzon-McLaughlin, W., Yednock, T. A. and Takada, Y. (1996) Regulation of 
conformation and ligand binding function of integrin 041 by the 01 cytoplasmic 
domain. J BioL Chem., 271: 16580-16585 
Ralston, R. and Bishop, J. M. (1985) The product of the protooncogene c-src is 
modified during the cellular response to platelet-derived growth factor. Proc. Naff 
Acad. Sci. (USA), 82: 7845-7849 
Ranscht, B. and Dours-Zimmermann, M. T. (199 1) T-cadherin, a novel cadherin cell 
adhesion molecule in the nervous system lacks the conserved cytoplasmic region. 
Neuron, 7: 391-402 
Redfield, A., Nieman, M. T. and Knudsen, K. A. (1997) Cadherins promote skeletal 
muscle differentiation in three-dimensional cultures. J Cell BioL, 138: 1323-1331 
Rdgnier, M., Pruni6ras, M. and Woodley, D. (198 1) Growth and differentiation of 
adult human epidermal cells on dermal substrates. Front. Matrix BloloV, 9: 4-35 
Reichert, U., Michel, S. and Schmidt, R. (I 99ý) in Molecular Biolosy ofthe Skin, 
(Darmon, M. and Blumenberg, M., eds) pp. 107-150, Academic Press, Inc., New 
York. 
Reichrath, J., Munssinger, T., Kerber, A., Rochette-Egly, C., Chambon, P., Bahmer, 
F. A. and Baum H. P. (1995) In situ detection of retinoid-X receptor expression in 
normal and psoriatic human skin. Br. J Dermatol., 133: 168-175 
212 
Resing, K. A., Dale, B. A. and Walsh, K. A. (1985) Multiple copies of phosphorylated 
filaggrin in epidermal profilaggrin demonstrated by analysis of tryptic peptides. 
Biochemistry, 24: 4167-4175 
Reynolds, A. B., Roesel, D. J., Kanner, S. B. and Parsons, J. T. (1989) Transformation- 
specific tyrosine phosphorylation of a novel cellular protein in chicken cells 
expressing oncogenic variants of the avian cellular src gene. MoL Cell Biol., 9: 
629-638 
Reynolds, A. B., Herbert, L., Cleveland, J. L., Berg, S. T. and Gaut, J. R. (1992) p 120, a 
novel substrate of protein tyrosine kinase receptors and of p60"', is related to 
cadherin-binding factors P-catenin, plakoglobin and armadillo. Oncogene, 7: 2439- 
2445 
Reynolds, A. B., Daniel, J., McCrea, P. D., Wheelock, M. J., Wu, J. and Zhang, Z. 
(1994) Identification of a new catenin: the tyrosine kinase substrate p 120' 
associates with E-cadherin complexes. MoL Cell Biol., 14: 8333-8342 
Reynolds, A. B. and Daniel, J. M. (1997) p120": a Src-substrate turned catenin. In 
Cytoskeletal-Membrane Interactions and Signal Transduction (ed. P. Cowin and 
M. Klymkowski). Georgetown: Landes Bioscience (in press). pp3l-48. 
Rheinwald, J. G. and Green, H. (1975) Serial cultivation of strains of human epidermal 
keratinocytes: the formation of keratinizing colonies from single cells. Cell, 6: 
331-344 
Rice, R. H. and Green, H. (1979) Presence in human epidermal cells of a soluble 
protein precursor of the cross-linked envelope: activation of the cross-linking by 
calcium ions. Cell, 18: 681-694 
Richards, S., Scott, I. R., Harding, C. R., Liddell, J. E., Powell, G. M. and Curtis, C. G. 
(198 8) Evidence for filaggrin as a component of the cell envelope of the newbom 
rat. Biochem. J., 253 : 153-160 
Rickles, R. J., Botfield, M. C., Zhou, X-M., Henry, P. A., Brugge, J. S. and Zoller, M. J. 
(1995) Phage display selection of ligand residues important for Src homology 3 
domain binding specificity. Proc. NatI. 4cad. Sci. (US, 4), 92: 10909-10913 
Riggleman, B., Wieschaus, E. and Schedl, P. (1989) Molecular analysis of the 
armadillo locus: uniformly distributed transcripts and a protein with novel internal 
repeats are associated with a Drosophila segment polarity gene. Genes Dev., 3: 96- 
113 
Riggleman, B., Schedl, P. and Wieschaus, E. (1990) Spatial expression of the 
Drosophila segment polarity gene armadillo is postranscriptionally regulated by 
wingless. Cell, 63: 549-560 
213 
Rimm, D. L., Koslov, E. R., Kebriaei, P, Cianci, C. D. and Morrow, J. S. (1995) cc I (E)- 
catenin is an actin-binding and -bundling protein mediating the attachment of F- 
actin to the membrane adhesion complex. Proc. NatI. Acad. ScL (USA), 92: 8813- 
8817 
Robinson, N. A., Lapic, S., Welter, J. F. and Eckert, R. L. (1997) SIOOAII, SIOOAIO, 
annexin 1, desmosomal proteins, small proline-rich proteins, plasminogen activator 
inhibitor-2 and involucrin are components of the cornified envelope of cultured 
human epidermal keratinocytes. J Biol. Chem., 272: 12035-12046 
Rodeck, U., Jost, M., DuHadaway, J., Kari, C., Jensen, P. J., Risse, B. and Ewert, D. L. 
(1997) Regulation of BCl-XL expression in human keratinocytes by cell-substratum 
adhesion and the epidermal growth factor receptor. Proc. Natl.. Acad. ScL (USA), 
94: 5067-5072 
Rodrigues, M., Balicki, D., Newrock, K. M. and Mukherjee, B. B. (1985) Lack of 
correlation between loss of anchorage-independent growth and levels of 
transformation-specific p53 protein in retinoic acid-treated F9 embryonal 
carcinoma cells. Exp. Cell Res., 156: 22-3 0 
Rorke E. A. and Eckert R. L. (1991) Stable expression of transfected human involucrin 
gene in various cell types: evidence for in situ cross-linking by type I and type II 
transglutarninase. J Inv. Dermatol., 97: 543-548 
Rouselle, P., Lunstrum, G. P., Keene, D. R. and Burgeson, R. E. (1991) Kalinin: an 
epithelium-specific basement membrane adhesion molecule that is a component of 
anchoring filaments. J Cell Biol., 114: 567-576 
Rozakis-Adcock, M., McGlade, J., Mbamalu, G., Pelicci, G., Daly, R., Li, W., Batzer, 
A., Thomas, S., Brugge, J., Pelicci, P. G., Schlessinger, J. and Pawson, T. (1992) 
Association of the Shc and Grb2/Sem5 SH2-containing proteins is implicated in 
activation of the Ras pathway by tyrosine kinases. Nature, 360: 689-692 
Rubinfeld, B., Souza, B., Albert, I., Muller, 0., Chamberlain, S. H., Masiarz, F. R., 
Munemitsu, S. and Polakis, P. (1993) Association of the APC gene product with 
catenin. Science, 262: 1731-1734 
Rubinfeld, B., Robbins, P., EI-Gamil, M., Albert, I., Porfiri, E. and Polakis, P. (1997) 
Stabilization of P-catenin by genetic defects in melanoma cell lines. Science, 275: 
1790-1792 
Ruhrberg, C. (1997) Envoplakin and periplakin, two desmosomal proteins that are 
components of the keratinocyte cornified envelope. Presented at 'Intercellular 
Adhesion in Epithelia 'I, Imperial Cancer Research Fund (London), September 15, 
1997. 
214 
Ruhrberg, C., Hajibagheri, M. A., Simon, M., Dooley, J. P. and Watt, F. M. (1996) 
Envoplakin, a novel precursor of the cornified envelope that has homology to 
desmoplakin. J Cell Bid, 134: 715-729 
Rusanescu, G., Qi, H. Q., Thomas, S. M., Brugge, J. S. and Halegoua, S. (1995) 
Calcium influx induces neurite growth through a Src-Ras signaling cassette. 
Neuron, 15: 1415-1425 
Sabe, H., Hata, A., Okada, M., Nakagawa, H. and Hanafusa, H. (1994) Analysis of the 
binding of the Src homology 2 domain of Csk to tyrosine-phosphorylated proteins 
in the supression and mitotic activation of c-Src. Proc. NatI. Acad Sci. (USA), 91: 
3984-3988 
Schaller, M. D. and Parsons, J. T. (1994a) Focal adhesion kinase and associated 
proteins. Curr. Opin. Cell BioL, 6: 705-710 
Schaller, M. D., Hildebrand, J. D., Shannon, J. D., Fox, J. W., Vines, R. R. and Parsons 
J. T. (I 994b) Autophosphorylation of the focal adhesion kinase, pp I 25FAK , directs SH2-dependent binding of pp60s". MoL Cell BioL, 14: 1680-1688 
Schipper, J. H., Frixen, U. H., Behrens, J., Unger, A., Jahnke, K. and Birchmeier, W. 
(199 1) E-cadherin expression in squamous cell carcinomas of head and neck: 
inverse correlation with tumour dedifferentiation and lymph node metastasis. 
Cancer Res., 51: 6328-6337 
Schlaepfer, D. D., Hanks, S. K., Hunter, T. and van der Greer, P. (1994) Integrin- 
mediated signal transduction linked to Ras pathway by GRI32 binding to focal 
adhesion kinase. Nature (London), 372: 786-791 
Schlaepfer, D. D. and Hunter, T. (1996) Evidence for in vivo phosphorylation of the 
Grb2 SH2-dornain binding site on focal adhesion kinase by Src-family protein- 
tyrosine kinases. MoL Cell Biol., 16: 5 623 -5 63 3 
Schule, R., Umesono, K., Mangelsdorf, D. J., Bolado, J., Pike, J. W. and Evans, R. M. 
0 990) Jun-Fos and receptors for vitamins A and D recognise a common response 
element in the human osteocalcin gene. Cell, 67: 497-504 
Scott, R. E., Florine, D. L., Wille, J. J. Jr. and Yun, K. (1982) Coupling of growth arrest 
and differentiation at a distinct state in the GI phase of the cell cycle: GD. Proc. 
NatI. Acad. Sci. (USA), 79: 845-549 
Scribner, J. D. and Suss, R. (1978) Tumour intitiation and promotion, in Ricter, G. W. 
and Epsteins, M. A. (eds), International Review of Experimental Pathology vol 18. 
Academic Press, New York. pp639-648 
Sefton, B. M., Hunter, T., Ball, E. H. and Singer, S. J. (198 1) Vinculin: a cytoskeletal 
target of the transforming protein of Rous sarcoma virus. Cell, 24: 165-174 
215 
Serres, M., Grangeasse, C., Haftek, M., Durocher, Y., Duclos, B. and Schmitt, D. 
(1997) Hyperphosphorylation of P-catenin on serine-threonine residues and loss of 
cell-cell contacts induced by calyculin A and okadaic acid in human epidermal 
cells. Exp. Cell Res., 231: 163 -172 
Shibamoto, S., Hayakawa, M., Takeuchi, K., Hori, T., Miyazawa, K., Kitamura, N., 
Johnson, K. R., Wheelock, M. J., Matsuyoshi, N., Takeichi, M. and Fumiaki, I. 
(1995) Association of p 120, a tyrosine kinase substrate, with E-cadherin/catenin 
complexes. J Cell BioL, 128: 949-957 
Shipley, G. D., Pittelkow, M. R., Wille, J. J., Scott, R. E. and Moses, H. L. (1986) 
Reversible inhibition of normal human prokeratinocyte proliferation by type 
transforming growth factor-growth inhibitor in serum-free medium. Cancer Res., 
46: 2068-2071 
Sigal, C. T., Zhou, W., Buser, C. A., McLaughlin, S. and Resh, M. D. (1994) Amino- 
terminal basic residues of Src mediate membrane binding through electrostatic 
interaction with acidic phospholipids. Proc. NatI. Acad Sci. (TJSJ), 91: 12253- 
12257 
Siitonen, S. M., Kononen, J. T., Helin, H. J., Rantala, I. S., Holli, K. A. and Isola, J. J. 
(1996) Reduced E-cadherin expression is associated with invasiveness and 
unfavourable prognosis in breast cancer. Am. J Pathol., 105: 394-402 
Simon, A and Green, H. (1984) Participation of membrane-associated proteins in the 
formation of the cross-linked envelope of the keratinocyte. Cell, 36: 827-834 
Simon, M. and Green, H. (1985) Enzymatic cross-linking of involucrin and other 
proteins by keratinocyte particulates in vitro. Cell, 40: 329-336 
Sirotkin, H., O'Donnell, H., DasGupta, R., Halford, S., St Jore, B., Puech, A.,, 
Parimoo, S., Morrow, B., Skoultchi, A., Weissman, S. M., Scambler, P. and 
Kucherlapati, R. (1997) Identification of a new human catenin gene family member 
(ARVCF) from the region deleted in velo-cardio-facial syndrome. Genomics, 41: 
75-83 
Skalli, 0., Jones, J. C., Gagescu, R. and Goldman, R. D. (1994) IFAP 300 is common 
to desmosomes and hernisdesmosomes and is a possible linker of intermediate 
filaments to these junctions. J Cell Blol., 125: 159-170 
Skerrow, C. J., Clelland, D. G. and Skerrow, D. (1989) Changes to desmosomal 
antigens and lectin-binding sites during differentiation in normal human epidermis: 
a quantitative ultrastructural study. J Cell Sci., 92: 667-677 
Skoudy, A., Llosas, M. D. and Garcia de Herreros, A. (1996) Intestinal HT-29 cells 
with dysfunction of E-cadherin show increased pp60src activity and tyrosine 
phosphorylation of p120-catenin. Biochem. J., 317: 279-284 
216 
Smart, J. E., Opperman, H., Czermilofsky, A. P., Purchio, A. F., Erikson, R. L. and 
Bishop, J. M. (198 1) Characterisation of sites for tyrosine phosphorylation in the 
transforming protein of Rous sarcoma virus (pp60'-") and its normal cellular 
homologue (pp60'-"c). Proc. NatI. Acad Scl. (USA), 78: 6013-6017 
Somani, A. K., Bignon, J. S., Mills, G. B., Siminovitch, K. A. and Branch, D. R. (1997) 
Src kinase activity is regulated by the SHP- I protein-tyrosine phosphatase. J BW 
Chem., 272- 21113-21119 
Songyang, Z., Shoelson, S. E., McGlade, J., Olivier, P., Pawson, T., Bustelo, X. R., 
Barbacid, M., Sabe, H., Hanafusa, H., Yi, T., Ren, R., Baltimore, D., Ratnofsky, S., 
Feldman, R. A. and Cantley, L. C. (1994) Specific motifs recognised by the SH2 
domains of Csk, 3BP2, fps/fes, GRB-2, HCP, SHC, Syk, and Vav. Mol. Cell Biol., 
14: 2777-2785 
Sonnenberg, A., Calafat, J., Janssen, H., Daams, H., van der Raaii-Helmer, L. M. H., 
Falcioni, R., Kennel, S. J., Aplin, J. D., Baker, J., Loizidou, M. and Garrod, D. 
(199 1) Integrin CC6P4 complex is located in hemidesmosomes, suggesting a major 
role in epidermal cell-basement membrane adhesion. J Cell BioL, 113: 907-917 
Sonnenberg, A. A., de Melker, A. A, Martinez de Velasco, A. M., Calafat, J. and 
Niessen, C. M. (1993) Fon-nation of hemidesmosomes in cells of a transformed 
murine mammary tumour cell line and mechanisms involved in the adherence of 
these cells to laminin and kalin. J Cell ScL, 106: 1083-1102 
Soriano, P., Montgomery, C., Geske, R. and Bradley, A. (1991) Targeted disruption of 
the c-src proto-oncogene leads to osteopetrosis in mice. Cell, 64: 693-702 
Spinardi, L., Ren, Y. L., Sanders, R., Giancotti, F. G. (1993) The P4 subunit 
cytoplasmic domain mediates the interaction Of CC6P4 integrin with the cytoskeleton 
of hemidesmosomes. MoL BW Cell, 4: 871-884 
Staddon, J. M., Smales, C., Schulze, C., Esch, F. S. and Rubin, L. L. (1995) p120, a 
pI 20-related protein (p 100), and the cadherin/catenin complex. J Cell Biol., 130: 
369-381 
Staehelin, L. A. (1974) Structure and function of intercellular junctions. Int. Rev. 
CytoL, 39: 191-283 
Staley, C. A., Parikh, N. U. and Gallick, G. E. (1997) Decreased turnourigenicity of a 
human colon adenocarcinoma cell line by an antisense expression vector specific 
for c-Src. Cell Growth Differ., 8: 269-274 
Stanley, J. R. (1993) Pernphigus. In Dermatology in General Medicine (eds 
Fitzpatrick, T. B., Eisen, A. Z., Wolff, K., Freedberg, I. M. and Austen, K. F. ), 4th 
edition, McGraw-Hill, New York. pp606-615 
217 
Stappenbeck, T. S., Lamb, J. A., Corcoran, C. M. and Green, K. J. (1994) 
Phosphorylation of the desmoplakin COOH terminus negatively regulates its 
interaction with keratin intermediate filament networks. J Bid Chem., 269: 
29351-29354 
Stdhelin, D., Varmus, H. E., Bishop, J. M. and Vogt, P. K. (1976) DNA related to the 
transforming gene(s) of avian sarcoma viruses is present in normal avian DNA. 
Nature (London), 260: 170-173 
Stein, P., Lee, H. M., Rich, S. and Soriano, P. (1992) pp59fy' mutant mice display 
differential signaling in thymocytes and peripheral T cells. Cell, 70: 741-750 
Stein, P., Vogel, H. and Soriano, P. (1994) Combined deficiencies of Src, Fyn and Yes 
tyrosine kinases in mutant mice. Genes Dev., 8: 1999-2007 
Steinert, P. M. and Marekov, L. N. (1995) The proteins elafin, filaggrin, keratin 
intermediate filaments, loricrin, and small proline-rich proteins I and 2 are 
isodipeptide cross-linked components of the human epidermal cornified cell 
envelope. J Biol. Chem., 270: 17702-17711 
Steinert, P. M. and Marekov, L. N. (1997) Direct evidence that involucrin is a major 
early isopeptide cross-linked component of the keratinocyte cornified envelope. 
BW Chem., 272: 2021-203 0 
Stoler, A., Kopan, R., Duvic, M. and Fuchs, E. (1988) Use of monospecific antisera 
and cRNA probes to localise the major changes in keratin expression during 
normal and abnormal epidermal differentiation. J Cell BioL, 107: 427-446 
Stover, D. R., Liebetanz, J. and Lydon, N. B. (1994) Cdc2-mediated modulation of 
pp6o'-"' activity. J Blol. Chem., 269: 26885-26889 
Streilein, J. W. and Bergstrasser, P. R. (1984) Langerhans cells: antigen presenting cells 
of the epidennis. Immunobiology, 168: 285-300 
Sun, T. T. and Green, H. (1976) Differentiation of the epidermal keratinocyte in cell 
culture: formation of the cornified envelope. Cell, 9: 511-521 
Sun, T. T. and Green, H. (1978) Keratin filaments of cultured human epidermal cells. 
Formation of intermolecular disulphide bonds during terminal differentiation. J 
BioL Chem., 253: 2053-2060 
Superti-Furga, G., Fumagalli, S., Koegl, M., Courtneidge, S. A. and Draetta, G. (1993) 
Csk inhibition of c-Src activity requires both the SH2 and SH3 domains of Src. 
EMBOJ, 12: 2625-2634 
Symington, BE and Carter, W. G. (1995) Modulation of epidermal differentiation by 
epiligrin and integrin a3PI J Cell Sci., 108: 831-838 
218 
Symington, B. E., Takada, Y. and Carter, W. G. (1993) Interaction of integrinS cc3p, 
and (X2P I: potential role in keratinocyte intercellular adhesion. J Cell Biol., 120: 
523-535 
Tada, H., Hatoko, M., Muramatsu, T. and Shirai, T. (1996) Expression of E-cadherin 
in skin carcinomas. J Dermatol., 23: 104-110 
Takada, K., Okano, T., Tamura, Y., Matsui, S. and Kobayashi, T. (1979) A rapid and 
precise method for the determination of vitamin D3 in rat skin by high-performance 
liquid chromatography. J Nutr. ScL Vitaminol. (Tokyo), 25: 385-398 
Takayama, T., Shiozaki, H., Shibamoto, S., Oka, H., Kimura, Y., Tamura, S., Inoue, 
M., Monden, T., Ito, F. and Monden, M. (1996) P-catenin expression in human 
cancers. Am. J Pathol., 148: 39-46 
Takeda, H., Nagaftichi, A., Yonemura, S., Tsukita, S., Behrens, J., Birchmeier, W., 
Tsukita, S. (1995) v-Src kinase shifts the cadherin-based cell adhesion from the 
strong to the weak state and P-catenin is not required for the shift. J Cell BioL, 
131: 1389-1347 
Takeichi, M. (1977) Functional correlation between cell adhesive properties and some 
cell adhesive proteins. J Cell Biol., 75: 464-474 
Takeichi, M., Atsumi, T., Yoshida, C., Uno, K. and Okada, T. S. (1981) Selective 
adhesion of embryonal carcinoma cells and differentiated cells by CP -dependent 
sites. Dev. BioL, 87: 340-350 
Tenchini, M. L., Adams, J. C. Gilberty, C., Steel, J., Hudson, D. L., Malcovati, M. and Watt, F. M. (1993) Evidence against a major role for integrins in calcium-dependent 
intercellular adhesion of epidermal keratinocytes. Cell Adhes. Commun., 1: 55-66 
Tennenbaum, T., Li, L., Belanger, A. J., De Luca, L. M. and Yuspa, S. H. (1996) 
Selective changes in laminin adhesion and (44 integrin regulation are associated 
with the initial steps in keratinocyte maturation. Cell Growth Differ., 7: 615-628 
Thacher, S. M. and Rice, R. H. (1985) Keratinocyte-specific transglutaminase of 
cultured human epidermal cells: relation to cross-linked envelope formation and 
terminal differentiation. Cell, 40: 685-695 
Thomson, R. B., Igarashi, P., Biemesderfer, D., Kim, R., Abu-Alfa, A., Soleimani, M. 
and Aronson, P. S. (1995) Isolation and cDNA cloning of Ksp-cadherin, a novel 
kidney-specific member of the cadherin multigene family. J BioL Chem., 270: 
17594-17601 
Timpl, R., Rohde, H., Robey, P. G., Rennard, S. I., Foidart, J. M. and Martin, G. R. 
(1979) Laminin- a glycoprotein from basement membranes. J BioL Chem., 254: 
9933-9937 
219 
Tomasek, J. J. and Hay, E. D. (1984) Analysis of the role of microfilaments and 
microtubules in acquisition of bipolarity and elongation of fibroblasts in hydrated 
collagen gels. J Cell Biol., 99: 536-549 
Tomic, M., Jiang, CK, Connolly, D., Freedberg, I. M. and Blumenberg, M. (1992) 
Vitamin D3, its receptor and regulation of epidermal keratin gene expression. 
Epithelial Cell BIoL, 1: 70-75 
Tomschy, A., Fauser, C., Landwehr, R and Engel, J. (1996) Homophilic adhesion of 
E-cadherin occurs by a co-operative two-step interaction of N-terminal domains. 
EMBOJ, 15: 3507-3514 
Tomson, A. M., Scholma, J., Meijer, B., Koning, J. G., de Jong, K. M. and van der 
Werf, M. (1996) Adhesion properties, intermediate filaments and malignant 
behaviour of head and neck squamous cell carcinoma cells in vitro. Clin. Exp. 
Metastasis, 14: 501-511 
Toullec, D., Pianetti, P., Coste, H., Bellevergue, P., Grand-Perret, T., Ajakane, M., 
Baudet, V., Boissin, P., Boursier, E., Loriolle, F., Duharnel, L., Charon, D. and 
Kirilovsky, J. (199 1) The bisindolylmaleimide GF 109203 X is a potent and 
selective inhibitor of protein kinase C. J Biol. Chem. 266: 15771-15781 
Troyanovsky, S. B., Troyanovsky, R. B., Eshkind, L. G., Leube, R. E. and Franke, W. W. 
(I 994a) Identification of amino acid sequence motifs in desmocollin, a 
desmosomal glycoprotein, that are required for plakoglobin binding and plaque 
formation. Proc. Natl- Acad. Sci. (USA), 89: 353-357 
Troyanovsky, S. B., Troyanovsky, R. B., Eshkind, L. B., Krutovskikh, V. A., Leube, 
R. E. and Franke, W. W. (I 994b) Identification of the plakoglobin binding domain 
desmoglein and its role in plaque assembly and intermediate filament anchorage. J 
Cell BioL, 127: 151-160 
Tsao, M. C., Walthall, B. J. and Ham, R. G. (1982) Clonal growth of normal human 
epidermal keratinocytes in a defined medium. J Cell Physiol., 110: 219-229 
Tsukita, S., Hieda, Y. and Tsukita, S. (1989) A new 82kD barbed end-capping protein 
(radixin) localised in the cell-to-cell adherens junction: purification and 
characterisation. J Cell BioL, 108: 2369-2382 
Tsukita, S., Oishi, K., Akiyama, T., Yamanashi, Y., Yamamoto, T. and Tsukita, S. 
(1991) Specific proto-oncogenic tyrosine kinases of src family are enriched in cell- 
to-cell adherens junctions where the level of tyrosine phosphorylation is elevated. 
J Cell BioL, 113: 867-879 
Twamley-Stein, G. M., Pepperkok, R., Ansorge, R. and Courtneidge, S. A. (1993) The 
Src family tyrosine kinases are required for platelet-derived growth factor-mediated 
signal transduction in NIH-3T3 cells. Proc. NatI. Acad Sci. (USA), 90: 7696-7900 
220 
Uitto, J., Pulkinnen, L., Smith, F. J. H. and McClean, W. H. I. (1996) Plectin and human 
genetic disorders of skin and muscle. Exp. Dermatol., 51: 237-246 
Uzawa, K., Yoshida, H., Suzuki, H., Tanzawa, H., Shimazaki, J., Seino, S. and Sato, 
K. (1994) Abnormalities of the adenomatous polyposis coli gene in human oral 
squamous-cell carcinoma. Int. J Cancer, 58: 814-817 
Vahlquist, A. (1982) Vitamin A in human skin: I. detection and identification of 
retinoids in normal epidermis. J Invest. DermatoL, 79: 89-83 
Van Waes, C., Surh, D. M., Chen, Z., Kirby, M., Rhim, J. S., Brager, R., Sessions, 
R. B., Poore, J., Wolf, G. T. and Carey, T. E. (1995) Increase in suprabasilar integrin 
adhesion molecule expression in human epidermal neoplasms accompanies 
increased proliferation occurring with immortalisation and turnour progression. 
Cancer Res., 55: 5434-5444 
Veillette, A., Bookman, M. A., Horak, E. M. and Bolen, J. B. (1988) The CD4 and CD8 
cell surface antigens are associated with the internal membrane tyrosine-protein 
kinase p56 Ick. Cell, 55: 301-308 
Verbeek, S., Izon, D., Hofhuis, S., Robanus-Maandag, E., te Riele, H., van de 
Wetering, M., Oosterwegel, M., Wilson, A., MacDonald, H. R. and Clevers, H. 
(1995) An HMG-box-containing T-cell factor required for thymocyte 
differentiation. Nature (London), 374: 70-74 
Vestweber, D. and Kemler, R. (1984) Some structural and functional aspects of the 
cell adhesion molecule uvomorulin. Cell Differ., 15: 269-273 
Vidal, F., Aberdam, D., Miquel, C., Christiano, A. M., Pulkkinen, L., Uitto, J., 
Ortonne, J. P. and Meneguzzi, G. (1995) Integrin P4 mutations associated With 
junctional epidermolysis bullosa with pyloric atresia. Nat. Genet., 10: 229-234 
Vollberg, T. M. Sr., Nervi, C., George, M. D., Fujimoto, W., Krust, A. and Jetten A. M. 
(1992) Retinoic acid receptors as regulators of human epidermal keratinocyte 
differentiation. MoL Endocrinol., 6: 667-676 
Vuori, K. and Ruoslahti, E. (1993) Activation of protein kinase C precedes CCA 
integrin-mediated cell spreading on fibronectin. J BW Chem., 268: 21459-21462 
Wang, H., Lian, Z., Lerch, M. M., Chan, Z., Xie, W. and Ullrich, A. (1996) 
Characterisation of PCP-2, a novel receptor protein tyrosine phosphatase of the 
MAM domain family. Oncogene, 12: 2555-2562 
Watt, F. M. and Green, H. (1982) Stratification and terminal differentiation of cultured 
human epidermal cells. Nature (London), 295: 434-436 
Watt, F. M. (1984) Selective migration of terminally differentiating cells from the 
basal layer of cultured human epidermis. J Cell BioL, 98: 16-21 
221 
Watt, F. M., Mattey, D. L. and Garrod, D. R. (1984) Calcium-induced reorganisation of 
desmosomal components in cultured human keratinocytes. J Cell Biol., 99: 2211 - 
2215 
Watt, F. M. (1988) Keratinocyte cultures: an experimental model for studying how 
proliferation and differentiation are co-ordinated in the epidermis. J Cell Sci., 90: 
525-529 
Watt, F. M., Jordan, P. W. and O'Neill, C. H. (1988) Cell shape controls terminal 
differentiation of human epidermal keratinocytes. Proc. NatI. Acad. Ac! (USA), 85: 
5576-5580 
Watt, F. M., Hudson, D. L., Lamb, A. G., Bolsover, S. R., Silver, R. A., Aitchison, M. J. 
and Whitaker, M. (199 1) Mitogens induce calcium transients in both dividing and 
terminally differentiating keratinocytes. J Cell Scl., 99: 3 97-405 
Watt, F. M., Kubler, M. D., Hotchin, N. A., Nicholson, L. J. and Adams, J. C. (1993) 
Regulation of keratinocyte terminal differentiation by integrin-extracellular matrix 
interactions. J Cell Sci., 106: 175-182 
Weinstein, G. D. and Van Scott, E. J. (1965) Autoradiographic analysis of turnover 
times of normal and psoriatic epidermis. J Invest. DermatoL, 45: 257-262 
Weissman, B., Aaronson, S. A. (1985) Members of the src and ras oncogene families 
supplant the epidermal growth factor requirement of BALB/MK-2 keratinocytes 
and induce distinct alterations in their terminal differentiation program. Mol. Cell 
Biol., 5: 3386-3396 
Weng, Z., Taylor, J. A., Turner, C. E., Brugge, J. S. and Seidel-Dugan, C. (1993) 
Detection of Src homology 3-binding proteins, including paxillin in normal and v- 
Src-transformed Balb/c 3T3 cells. J BW Chem., 268: 14956-14963 
Wertz, P. W., Swartzendruber, D. C., Kitko, D. J., Madison, K. C. and Downing, D. T. 
(1989) The role of the corneocyte lipid envelopes in cohesion of the stratum 
corneum. J Inv. DermatoL, 93: 169-172 
Wheelock, M. J. and Jensen, P. J. (1992) Regulation of keratinocyte intercellular 
junction organisation and epidermal morphogenesis by E-cadherin. J Cell Biol., 
117: 415-425 
Wilding, J., Vousden, K. H., Soutter, W. P., McCrea, P. D., Del Buono, R. and 
Pignatelli, M. (1996) E-cadherin transfection down-regulates the epidermal growth 
factor receptor and reverses the invasive phenotype of human papilloma virus- 
transfected keratinocytes. Cancer Res., 56: 5285-5292 
222 
Wille, J. J. Jr., Pittelkow, MR, Shipley, G. D. and Scott, R. E. (1984) Integrated control 
of growth and differentiation of normal human prokeratinocytes cultured in serum- 
free medium: clonal analyses, growth kinetics and cell-cycle studies. J Cell 
Physiol., 121: 31-44 
Willems, J., Bruyneel, E., Nod, V., Slegers, H., Zwijsen, A., M6ge, R-M. and Mareel, 
M. (1995) Cadherin-dependent cell aggregation is affected by decapeptide derived 
from rat extracellular super-oxide dismutase. FEBS Letters, 363: 289-292 
Witcher, L. L., Collins, R., Puttagunta, S., Mechanic, S., Munson, M., Gumbiner, B. 
and Cowin, P. (1996) Desmosomal cadherin binding domains of plakoglobin. J 
BioL Chem., 271: 10904-10909 
Wolf, G. T., Carey, G. T., Schmaltz, S. P., McClatchey, K. D., Poore, J., Glaser, L., 
Hayashida, D. J. and Hsu, S. (1990) Altered antigen expression predicts outcome in 
squamous cell carcinoma of the head and neck. J Natl. Cancer Inst., 82: 1566- 
1572 
Xia, Y., Gil, S. G. and Carter W. G. (1996) Anchorage mediated by integrin (x6P4 to 
laminin 5 (epiligrin) regulates tyrosine phosphorylation of a membrane-associated 
80-kD protein. J Cell Biol., 132: 727-740 
Xu, Y., Guo, DR, Davidson, M., Inagami, T. and Carpenter, G. (1997a) Interaction of 
the adaptor protein Shc and the adhesion molecule cadherin. J BW Chem., 272: 
13463-13466 
Xu, W., Harrison, S. C. and Eck, M. J. (1997b) Three-dimensional structure of the 
tyrosine kinase c-Src. Nature (London), 385: 595-601 
Yamamoto, 0. and Bhawan, J. (1994) Tbree modes of melanosome transfers in 
Caucasian facial skin: hypothesis based on an ultrastructural study. Pigment Cell 
Res., 7: 158-169 
Yap, A. S., Brieher, W. M., Pruschy, M. and Gumbiner, B. M. (1997) Lateral clustering 
of the adhesive ectodomain: a fundamental determinant of cadherin function. 
Curr. BioL, 7: 308-315 
Yi, G. S. and Cheong, C. (1996) Disulfide bond formation between the N-terminal 
region of p56LCK and the cytoplasmic domain of CD8 studied by electrospray 
ionization and matrix-assisted desorption/ ionization time-of-flight mass 
spectrometry. Biochem. Mol. Biol. Int., 40: 409-416 
Yu, H., Chen, J. K., Feng, S., Dalgamo, D. C., Brauer, A. W. and Schreiber, S. L. (1994) 
Structural basis for the binding of proline-rich peptides to SH3 domains. Cell, 76: 
933-945 
Zetttergren, J. G., Peterson, L. L. and Wuepper, K. D. (1984) Keratolinin: the soluble 
substrate of epidermal transglutarninase from human and bovine tissue. Proc. NatI. 
Acad Sci. (USA), 81: 238-242 
223 
Zhao, Y., Sudol, M., Hanafusa, H. and Kreuger, J. (1992) Increased tyrosine kinase 
activity of c-Src during calcium-induced keratinocyte differentiation. Proc. NatL 
Acad. Sci. (TJSA), 89: 8298-8302 
Zhao, Y., Uyttendaele, H., Krueger, J. G., Sudol, M. and Hanafusa, H. (1993) 
Inactivation of c-Yes by elevation of intracellular calcium levels. MoL Cell BioL, 
13: 7507-7514 
Zhou, P., Byrne, C., Jacobs, J. and Fuchs, E. (I 995b) Lymphoid enhancer factor I 
directs hair follicle patterning and epithelial cell fate. Genes Dev., 9: 570-583 
Zhou, S., Carraway, K. L. 3rd., Eck, M. J., Harrison, S. C., Feldman, R. A., 
Mohammadi, M., Schlessinger, J., Hubbard, S. R., Smith, D. P., Eng, C., Lorenzo, 
M. J., Ponder, B. A. J., Mayer, B. J. and Cantley, L. C. (1995a) Catalytic specificity of 
protein-tyrosine kinases is critical for selective signalling. Nature (London), 373: 
536-539 
Zhu, A. J. and Watt F. M. (1996) Expression of a dominant negative cadherin mutant 
inhibits proliferation and stimulates terminal differentiation of human epidermal 
keratinocytes. J Cell Sci., 109: 3013-3023 
Ziober, B. L., Lin, C-S. and Kramer, R. H. (1996) Laminin-binding integrins in tumour 
progression and metastasis. Semin. Cancer Blol., 7: 119-128 
Zschiesche, W., Schonborn, I., Behrens, J., Herrenknecht, K., Hartveit, F., Lilleng, P. 
and Bircluneier, W. (1997) Expression of E-cadherin and catenins in invasive 
mammary carcinomas. Anticancer Res., 17: 561-567 
GLASGOW 
ýýRSrff 
224 
